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FOREWORD 

The Submerged Media Anaerobic Reactor (SMAR) is the generic term for 

a new wastewater treatment process. The various design configurations 

that have been studied in the last 20 year~ include the static bed, fluid 

bed, anaerobic rotating biological contactor, vertical tube reactor, and 

anaerobic sludge blanket. While much work has been performed at the 

bench-scale level, comparatively few full-scale operations exist. Given 

SMAR's timely advantages of energy efficiency, low sludge production, a~d 

resistance to t·oxicants, there should be a greater use of this process. 

The Anaerobic Filter for Wastewate~r Treatment Workshop, sponsored by 

the U.S. Department of Energy and hosted by Argonne National Laboratory, 

was held at the Mission Inn, Howey-in-the Hills, Florida, January 9-10, 1980. 

The major objectives of this workshop were: 

1. to review the latest results from ongoing projects in the 
field of anaerobic wastewater treatment, specifically on 
SMAR.designs 

2. to summarize the present state-of-the-art of SMARs 

3. .to encourage interaction and an information exchange among 
those interested in this process 

4. to identify the existing problems related to ongoing 
research and b'arriers to acceptance and commercial imple­
mentation of the technology 

5. to explore opportunities for future research and development. 

The workshop attendees included resear~h~r.s and consultants, as well 

as representatives from industry and government. The presentations provided 

an update on the state-of-the-art of the process. All of the participants 

provided invaluable input on their particular points of view. This pub­

lication documents the results of the meeting. 

iii 
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EFFECTS OF FILM AREA-TO-VOLUME RATIO, FILM SUPPORT, 
HEIGHT AND DIRECTION OF FLOW ON PERFORMANCE OF 

METHANOGENIC FIXED FILM REACTORS* 

L. van den Berg and C.P. Lentz 

National Research Council of Canada 
Ottawa, Canada KlA OR6 

ABSTRACT 
Methanogenic fixed film reactors wer~ capable of 

producing up to 5m 3 methane (STP) per m3 reactor volume per day· 
with chemical oxygen demand removals of 85-94%. Chemical 

. 2 
oxygen demand loading rates were 0~07-0.13 kg perm film area 
per day for reactors with film area~to-volume ratios between 

. . 2 3 
50 and 250m /m . Loading rates were slightly greater for 
reactors 0.55 and 1.1 m high than for reactors 2.2'm high in 
preliminary tests. A clay support was superior to a plastic or . . 
glass support, in that the film developed faster (1-3 months as 
compared to 7 months or longer) and was less subject to failures. 
Upflow reactors operated differently from downflow reactors in 
that performance of upflow reactors depended on suspended 
microbial growth as well as on the fixed film. 

INTRODUCTION 
The anaerobic fixed film reactor is a recent 

addition to a group of new types of anaerobic reactors or 
processes that have been and are being developed to improve thP. 
anaerobic digestion process. These new types have in common a 
retention of the microbial biomass, particularly the micro­
organisms that have mass doubling times of several days or 
weeks (8). Included in these types (besides the -fixed film 
reactor) are the anaerobic contact process {10-14), the upflow 

· a~aerobic filter (1,4.7,16), the upfl6w anaerobic sludge 
blanket reactor (2,6,15) and the fluidize~-bed type reactor {5). 
The performance of the new types of reactors, both in terms of 
methane production and .of treatment efficiencie~-~ is very much 
dependent on the extent the biomass is retained--in-the reactor. 
* N R c c ···r·ra·:·· , 1 9 9 8 • 
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The biomass retention in turn is affected markedly by the type 
of waste treated. 

This paper discusses results obtained with fixed film 
reactors* treating a mainly soluble food pr6cessing waste, bean 
blanching waste. The test reactors were designed to have a 
known and fjxed film area-to-volume ratio and to eliminate 

' 
plugging and bypassi~g. Factors studied were film area/volume 
ratios between 50 and 400·m 2;m 3 (effecti~e tube diameters 
between 0.01 and 0.075 m),·height (0.55 to 2.2 m}, film support 
(baked clay; poly vinyl chloride (PVC) pl·astic, and glass) and 
direction of fluw (up and down). PerformanC:P. was r·ctLeu i11· te1am~ 
of loading rates, removal of chemical oxygen demand (COD) and 
rates of methane production. Observations on film character­
istics are also discussed. 

EXPERIME-NTAL 
A detail~d description of the reactors .and their 

operation {Figure 1) has been published previously (9). 
Briefly, in downflow reactors, feed {bean blanching waste, 1% 
total solids, Table 1) was pumped in at the top of the reactor 
together w i t h 1 i q u i d r e c i r c u I ate d from t tJ e bottom of the reactor . 
Effluent was removed from the bottom of the reactor through a 
level control device. Gas was remov~d ~t Lhe top. In ~pflow 

reactors feed was pumped in· at the bulLom, effluent and gas 

were· removed together at the top of the reactor and then 
separated. The amount of liquid recirculated was four times the 
am o u n t o t feed p u lllf.J e tl i n . F' u m p ~ w c r e r u n 5% n f t. he t i me p n a 
20 ... urinute cycle to obtain hi!Jh P.nough pumping rates to avoid 
blockages in fe~d and recirculation tubing. Feed rates were 
~djusted to m~intain volatile acid levels at 400-600 g/m 1 (must 
of this was acetic acid). The fermenter room was operated at 
35°C. 

The effect of film area/volume ratio and of liquid 
flow direction (up and down) were studied using pyrex glctss 
tubes. For comparison with the glass tubes, clay pipes and 
tubes shaped from PVC plastic of the type used in water 
*U.S. patent applied for. 
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purification filters, were ~sed with downflow. The effect of 
height was studied with clay pipes, also using downflow. 

To determine the distribution of activity between 
the fixed film and the bulk of the liquid in both up and down­
flow reactors_, 10 ml samples of the liquid were removed at 
different heights in the column using a syringe attached to a 
long narrow tube inserted from the top of the column. Samples 
were taken anaerobically and placed in serum cap vials. Acetic 
acid was added to a concentration of about 1000 mg acetic acid/1 
and vials were incubated at 35°C for 2-4 hours, after which time 
the methane content of the head space was determined (prel1ninary 

. . ' 

tests showed that the amount of methane produced with acetate 
added at the beginning of the test was essentially the same as 
wh~n bean waste was added frequently during the test; the former 

i! 

was more convenient). 
RESULTS 

Film loading rates were maximum for the 0.038 m 
diameter r~actors (area/volume 105 m2!m 3) (fable 2). The 

' 
decrease of loading rates with increased area/volume ratio m~Y 
be attributable to an effect of film thickness on effective 
diameter and hepce effective area. At the lower area/volum~ 
ratio (0.075 m diameter) differences in diffusion and flow 
pattern ·(surf~ce turbulence) may account for the lower fil~ 
loading rate. The higher suspended solids, and hence lower 
treatment efficiency of the la}'ge column, aiso points in this 
direction. Volumetric loading rates increased markedly with 
area/volume ratio to almost 19 kg coo;m 3/day, except. for the 
narrow diameter tube, pres~mably for the reason alf~ady given. 

Film support material had a marked effect on reactor 
performa~~e (Table 3), particularly on the time required to 
reach m~ximum performance. Reactors made from baked clay reached 
maximum perfo~mance in 1-3 month~ as compared to 7 ~oriths for 
PVC plastic an~ 10-14 months fo~ glass. Visual observations 
indicated a more uniform film formed on clay than on glass (some 
glass arP.ns w·Pre not covered for a long time)./\lso ·the film on 
clay did not slough off as easily as on glass, leading to greater 

. ·;·: ; ~:: 
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process stability. The improved performance of clay over glass 
and plastic may be related to surface roughness, porosity and 
physical-chemical characteristics. Presumably the faster a 
film forms, the more completely it covers the available surface 
and this may explain the greater surface loading possible with 
clay. 

Treatment efficiencies (percent of COD in feed 
removed) were high (85-92%) and about the same for clay and 
~lass. The efficiency of the plastic reactor was somewhat 
higher (94%), because of a lower suspended COD content: The 
reason for the latter was not apparent, but may reflect a film 
characteristic. 

Limited tests with clay reactors of 0.55, 1.1 and 
2.2 m height have indicated that film area loadings are 
relatively little affected by height. The lower heights tend 
to be slightly more effective than the 2.2 m reactor but further 
steady state performance is required before the difference, if 
an~, can be quantified. Because the amount of gas escapin~ 
a t the reactor top per u n i t c r o s s sec t i on a 1 a rea i n c rea s e s w 1 t h 
height of reac~or, ths tendency to foam increases with height. 

Upflow reactors d1ffered 111arkedly fro111 downtlow 
reactors in that a substantial part of the total activ1ty 
resided in the liquid (Table 4, Figure 2). The activity of the 
film on the narrower reactors was ~·i111ilar for up and downflow) 
but in additio~ a substantial acti~ity was present in the liquid 
in the bottom half of the upflow reactor. In the wide reactor 
most of the activity was in the liquid rather than in the film. 
Upfluw reactors tended therefore to be a combination of fixed 
film and .upflow anaerobic sludge blanket reactors {16). 

Analysis of the film in some of the reactors used 
showed that the non-soluble volatile solids in the film amounted 
to about 0.03 to 0.05 kg per m2 at COD loading rates of 0.025 to 

2 0.06 kg/m /day. The specific activity of the non-soluble 
suspended solids in the film (presumably mostly microorganisms) 
therefore was 0.8-1.2 kg COD/kg/day. This activity is about . 
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4. Effect of kind of waste. 
5. Effect of recirculation rate. 
6. Effects occurring during longer term operation. 
7. Effect of temperature. 
8. Effect of packing material. 
9. Effect of packing design. 

·CONCLUSIONS· 
1. Volumetric 16ading rates of fixed film reactors 

as high as 19 kg COD/m 3/day, with methane production rates 
5m 3 (STP)/m 3/day, depending on film area/volu~e ·ratio and 

film support material. 
2. Area loading rates were up to 20% higher with 

baked clay than with glass or PVC plastic as film support 
material. 

" 
3. At:LiVt!' film5 formed faster on clay thnn on glass 

or plastic (1-3 and 7-14 months respectively to reach maximum 
loading rates). 

4. Clay support provided for greater process 
stability than glass or plastic. 

5. Height affected performance ot fixed film 
~eactors relatively little in preliminary tests. 

6. COD-removal efficiencies were high (85-95,~) drill 

increased with the film area/volume ratio. 
7. Comparison between upflow and downflow reactors 

showed that only downflow reactors were true fixed film reactors 
with practically all acti.vity located in the film. Upflow 
reactors were cu111uin.ations of fixed film and slllrlgP. blanket 

reactors. 
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Tahl:e; L Comp:os:itton o,f b.ean· bla.nc::htng wa.ste. used (contents i.n mgl'l ), .. 

· Total soJids. 
To.tal vola:tile solids; 
Suspended: s:al ids 
V.olati.le: suspended~ sohds, 
Chemica 1 Oxygen Demand. 
Kte:T dahl n i:t.rogen 
Phos:pha\te- (a·s: P·) 
So.dtum~ 

· Pota.s:s i: urn 
Iron.a~ 

9800 
8.400: 

200 
200 

10500 
3}0 
l00!-

7' 
700. 

60. 

aTron was; a·dded: GJ mM F.eCl 2.) to prevent a. pos:s:ible: so 1 ub:le 
i:ron d'e.ftc:::ilem:y: (3.). 

Ta.ble: e\ Effect: oJ film area-to;-volume: ratto~ on performance of fixed. fi.lm 
r;-eac.tm?s, (;HO em. tall g) as:s tube:s;,, down flow operation). 

Film a,rea/volume, mz/m3 

53: 1.05 2.50 397 

D:i'ameter· o.f tube:, m. 0.01·5 0.038. O: •. OJ6. 0. .. 01 0 

Maximum. lo:adiing. rate., 
ao)' k.g COD/m 2/day 0.073 0.1 06~ 0 ... 07'6, 0'.040 
b;)' k.g, GOD/rn 3 I day· 3 .. 9: ll..l 19 .. 0 15 •. 9 

GOD. in; effluent, g/m3, 

a) to ,tal 2.000 1600. 1050 1050 
b.) soluble. 500 600 400 400 
c:l s:uspended. 1.500 1000. 6'50 650. 

COD· remo;va'l e:ffi ciency, .% 81 8.5 90 90 

Methane p.roduct.i'on rates 
a) m3'(STP}/m2/day 0 . .019~ o .. 02:7 0.02:1. 0.011. 
b) m.3'(STP·}lin.3/ day l .. Q; 2'.,8 5.3: 4.4 
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Table 3. Effect of film support on performance of tubular fixed film .. 
reactors (110 em tall, downflow operation) 

Diameter of tube, m 
Surface area-to-volume ratio 

m2/m3 

Time to reach maximum loading 
rate, days 

Maximum loading rate, 
kg COD/m2/day 

.COD in effluent, g/m 3 
a) tota 1 
b) soluble 
c) suspended 

COD removal efficiency, % 
Methane produ~tion 

a) m3(STP)/m2/day 
b) m3(STP)/m 3/day 

Baked clay 

0.028 

140 

30-90 

0. 086··0. 129 . 

800-1200 
300-400 
500-800 

88-92 

0.028-0.031 
3.9-4.3 

Film support 

· Glass 

0.016-0.075 

105-250 

300-400 
. I 

0.076-0.106" 

1050-1600 
400-600 
650-1000 

85-90 

0.021-:0.027 
2.8-5.3 

PVC 
Plastic · 

0.025 

160 

'0.072 

650 
250 
400 

94 

0.021 
3.4 

Table 4. Distribution of activity between film and suspended growth in 
downflow and upflow reactors (glass tubes, 110 em tall) 

Activity uf film in terms of 
Film area/volume ratio, total activit~, % 

Note: 
) 

m2/m3 
Downflow Upflow 

53 70 72 

105 93 62 

250 93 25 

Measurements were mad~ at loading rates eqtial to 1/2 to 3/4 of the 
maximum loading rates .. At higher loading rates, the film activity 
would increase as part of the total for downflow reactors, while 
the suspended activity would increase.as part of the total for 
upflow reactors. 

r .· 
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METHANE FERMENTATION TOXICITY RES.PONSE: CONTACT MODE 

R .. E. Speece, G~ne F~ Parkin, Joseph Yang, and 
Drexel University 

ABSTRACT 

Walter Kocher ~ 
/' 

~ 

It i~ generally assumed that the ariaeroblc digestion process is unable 

to cope with waste streams containing toxicants and is therefore unsuitable 

for treatment of many classes of industrial wastewaters. Toxicants do alter 

the kinetic parameters of methanogens and thus increase their minimum genera­

tion time and decrease pollutant removal efficien~y, but proper attention to 

solids retention time can offset these adverse effects. Also proper.acclima-. 
tion procedures can significantly increase the threshhold concentration of 

' 
toxicant which causes inhibition.,~ A diverse group of toxicants were admini-

' stered as slug and continuous doses in the feed to anaerobic filters. Gas 

production and effluent COD were monitored to establish the recovery pattern. 

With proper acclimation efficient COD removal could be achieved in ·the pre­

sence of toxicant concentration which were 20 to 50 times greater than toxi­

cant concentrations which exhibited 50% inhibition to unacclimated methanogens • 
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INTRODUCTION 

Methane fermentation is an anaerobic, microbiological process which con­

verts organic material to methane gas. The inherent advantages of methane 

fermentation over aerobic waste treatment processes are: 

1. No energy consumption for oxygen transfer. 

2. Energy is produced in the form of methane. 

3. Excess sludge production is much reduced 

over aerobic processes. 

The net energy differential in destruction of organic pollution is about 
6 20 x 10 BTU per ton of COD in favor of methane fermentation over aerobic 

treatment. ln some cases, less than one-tenth as mnch excess sludge l~ pro­

duced by methane fermentation as compared to aerobic processes. The operat­

ing cost differential is abeut $90 per ton of COD in favor of methane fermen­

tation over aerobic treatment. Generally, if an organic waste can be metabo­

lized aerobically, it can also be metabolized anaerobically. 

In view of these significant advantages, the question arises as to why 

methane fermentation has been so little exploited in the treatment of indus­

trial wastewaters. There are a number of factors which are responsible for 

this situation. 

A. Low cell yield. One of the major advantages of methane 

fP.rmentation - low cell yield of excess sludge ~ beco~es a 

major disadvantage by prolonging start-up of rhe p1·ocess· or 

recovery from a toxic dose which has killed a major fraction 

of the biomass. The role of solids retention time (SRT), 

therefore, requires considerably more attenr:ion Lhan with 

aerobic processes. This has not been adequately appreciated 

by design and operational personnel. 

B. Temperature Sensitivity. Cell yield and specific utili­

zation rate mainly dctermiue the minimum generation time~· 0 min c , 

• 



of microbial systems .. 

0 min = 1 
c 

Yk-b 

13 

Since the cell yield, Y, is already relatively low, the 

specific utilization rate, k, must be relatively high to 

prevent intolerably long minimum generation times. The 

specific utilization rate, k, is sensitive to temperature. 

Below 20°C, the minimum generation time may exc·eed 30 

days as compared· approximately 0.5 days for an aerobic 

process. Therefore, with a safety factor of 5 for plant 

design, the SRT required would be i50 days. Cold, dilute 

wastes, therefore, require provision for maintenance of 

extended SRT and produce insufficient methane to heat 

the wastewater without ·supplementary fuel. This restric­

tion does not apply with cold, concentrated wastewaters 

or warm, dilute wastewaters. 

C. Concepts of Environmental Engineers. There is a 

vague, pervading conc.ept among environmental engineers 

that methane fermentation requires very long hydraulic 

retention times (HRT) of 10 to 30 days and is incapable 

of treating many industrial wastes efficiently. Nemerow 

(1976) expresses the commonly held concept of environ­

mental engineers that "generally anaerobic processes are 

less effective than aerobic processes and that anaero­

bic processes are slow and require low daily loading 

rates and/or long detention times. Anaerobic digestion 

only has a definite advantage over aerobic processes 

where liquid waste volumes are small, contain no,toxic 

matter and have high fractions of readily oxidl~ed dis­

solved organic matter." 

D. Toxicity. The general concept of environmental.en­

gineers that methane fermentation is a sensitive:pro-

.. cess with limited potential for the treatment of dilute 

industrial wastewaters containing sporadic or chronic 

levels of toxicity is not without some support in the 
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literature. Indeed, there are many cases which demon­

strate that methane production ceased due to the pre­

sence of a toxicant. The evidence of inhibition of 

methane production is valid, but the conclusion that 

meth~nogens are more sensitive to toxic}ty than aerobic 

processes is not necessarily valid. With similar biolo­

gical safety factors, methanogens may be able to with­

stand toxicant ·concentrations equal . to aerobic systems. 

However, cine to the lack of attentiqn to adequate SRT 1 

in dcaign and operation of methane fermentation sys­

tems, the biological safety factor has been inadequaLe 

and the inhibition due to toxicity has been more pro­

nounced. 

Kugelman and Chin (1971) report that: 

"Although this process (methan~ termentatluu) has 

significant advantage~ uver other method~ nf waste 

treatment, its use has been retarded because of a lack 

of understanding of toxicity phenomena. 

The magnitude of the toxic effect generated by a 

substance can often be reduced significantly if the 

concentration is increased slowly. This i.~ the phenome­

non of a~climation which represents an adjustment of 

the.biological population to the adverse effects of the 

toxin. In a waste treatment system, this does not 

usually represent either a mutation or a selection of 

the fittest because rarely is all of the t6xic effect 

eliminated. Rather acclimation represents a rearrange­

ment of the metabolic resources of the organism to 

overcome the metabolic block produced by the toxic snh­

stance. 

In most toxicity studies, the concentration of the 

toxic substance is raised in one step to the level to 

be studied, leaving little chance for acclimation to 

take place. This experimental situation is not adequate 

for toxicity studies in waste treatment systems because 
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in most of these systems, acclimation will probably occur. 

Adequate delin·eation of toxicity in waste treatment re­

quires an allowance for acclimation. 

Although there are good reasons why much of the data 

on toxicity in anaerobic systems are suspect, such data 

have not and cannot be interpreted properly. At best, 

most of these studies are useless: at worst, they are 

misleading. 

It is significant that many of these early studies 

reported the divalent cations magnesium and calcium were 

less toxic or equal in toxicity on a molar basis to the 

monovalent cations sodium, potassium.. This is at vari­

ance with all previous experience in toxi~iti studies 

in pure biology •.•... Much of the deviation in previous 

studies was possibly caused by antagonism and synergism." 

In view of the exceptional adaptation and acclimation characteristics 

of microorganisms as demonstrated by the extreme environmental conditions 

under which they propagate, it is apparent that "ideal" conditions are not 

required to achieve effective biological treatment as evidenced by the fact 

that aerobic and anaerobic processes have been treating municipal wastes 

satisfactorily for years and it is recogniz7d that a host of toxicants is 

present in municipal wastes at various concentrations and for various peri- . 

ods. In fact, an underlying principle of biological wastewater.treatment is 

that a correlation exists between SRT and toxicity levels, e. g., mainten­

ance of higher SRT levels compensates for less ideal environmental condi­

tions of wastewater treatment temperature, pH, toxicity, etc. 

Environmental engineers should consider all puplished aerobic and an­

aerobic toxicity data (including that subsequently presented __ in this report) 

as being relative to the test conditions under which it was .o~tained. Too 

,frequently, the published toxicity data are considered absolute and anaero­

bic digestion has been eliminated as a viable wastewater treatment option 

without consideration of the ability of the methanogenic bacteria to propa­

gate under much higher concentrations of toxicants with proper acclimation 

procedures. As will be shown later, methanogenic bacteria can-acclimate to 

toxicant concentrations which are, in some cases, 100 times·greater than the 

;:·· ·:· 
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concentrations which exhibit inhibition to unacclimated cultures. 

Likewise environmental engineers have prematurely concluded that me­

thanogenic bacteria were'"dead" wheri methane production ceased. Methane 

production. has been observed to abruptly resume at a rate much in excess of 

that which would be associated with bacterial regrowth. The effect of 

wastewater flow configuration on toxicity response has not been adequately 

addressed. A continuously stirred tank reactor (CSTR) exhibits a different 

toxicity response pattern from a "plug flow" anaerobic filter. This is re­

lated to the reversible or irreversible nature of the toxicity and the ex­

posure time offilc.t. 

OBJECTIVE 

The objective of this study was to evaluate the methane ferme'rtt:atiuu 

toxicity response pattern for a number o± toxicanls uL"tder four diffPn'!nt 

contacting modes: 

1. Batch CSTR toxicity assay with unacclimated methanogens. 

2. Slug a~~ition of toxicant to CSTR being fed and wasted 

daily. 

3. Continuous addition of J:oxicant: at increasing concentra­

tio1ts to fllter. 

4. Slug additions of toxicant at increasing.concentrations­

Methane production served to indicate the toxicity response pattern. 

TOXICANTS ASSAYED 

·Toxicants 'representative. of those found in industrial wastewaters wer:e 

chosen from the following toxicity categories: 

/ 

Heavy Metal - Nickel 

Cation - Ammonium 

Anion - Sulfide 

Aldehyde - Formaldehyde 

Double Bond - Acrylic Acid 
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Aldehyde and Double Bond - Acrolein 

EXPERIMENTAL PROCEDURES 

Innoculum Source 

Methanogenic cultures enriched on acetate as the sole organic carbon 

source .(exclusive of 10 mg/1 of cysteine) were used in each phase of this 

study. An innoculum digester was maintained as the source of all methano­

genic cultures. Originally, digested sludge from a municipal wastewater 

treatment plant was used to seed the innoculum digester. Prior to commence­

ment of this study, the innoculum digester had been maintained for 3 years 

and over 20 detention times with acetate as the organic carbon source. The 

innoculum digester. was a CSTR maintained at a 50 day hydraulic retention 

time and fed 1 gm/1-day of acetic acid. Gas production from this innoculum 

digester was quite stable. The background nutrient salt solution fed to the 

innoculum digester and all related systems is shown on Table II. 

Table II 

NUTRIENT SALT SOLUTION 

.1. Nutrient I Constituents Cone. (mg/1) 

·NH Cl 
4 

400 

KCI 400 

MgS0
4

. 7H
2
·o 400 

FeC1
2

·6H
2

0 40 

CoC12 4 

(NH
4

)
2

HP0
4 

80 

2. Nutrient II Constituents 

Cysteine 10 

KI 10 

Na Hexametaphosphate 10 
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MnC12 "4H
2

0 0.5 

NH4vo
3 0.5 

Nickel 0.5 

ZnC12 0.5 

Na2Mo04 "2H
2

0 0.5·· 

H
3

B0
3 

0.5 

CuC1
2

"2H
2

0 0.5 

NaHC0
3 

6000 

1. Batr:-h CSTR Tox:i,.c;ity Assay with Unacclimated Methanogens. Owens, 

et al. (1979) have proposed an anaerobic toxicity assay (ATA) to determine 

the toxicity of substances to unacclimated methane bacteria using a modifi­

cation of the Hungate serum bottle technique. In this· study, a modi·fication 

of Owens, et al. ATA was utilized. Fifty ml of an innoculum from the meth­

ane culture grown on acetate as the carbon source aml deseribod abovP WAR 

anaerobically transferred to a 125 ml serum bottle which had been purged 

with a gas mixture.of 75% N2 and 25% co2 . Initially, 100 ~1 of glacial ace­

tic acjrl was injected with a microliter syringe to yield an initial acetate 

concentrAtion of 2000 mg/1. This resulted in the immediate production of \ 

about 40 ml of co2 due to the neutralization of the glacial acetic acid. 

Since methanogenic activity is related only to the production of meth<~ne 

gas, only gas production in excess of the 40 ml of co
2 

produced wa.s consid­

ered to be indicative of metabolism. In some of the plots total gas produc­

tion is shown while in other graphs only methane production is plotted. 

The desire to increase the acetate concentration wlthciut overcoming the 

buffer capacity led to the addition of calcium acetate at concentrations of 

8,000 and 16,000 mg/1 as acetate. In this CHse, ut~ly mcthanG sa~ iR evolved 

because the calcium acetate salt is neutral. The calcium precipitates out 

as calcium bicarbonate and does not re~ult in any ion toxicity to the meth­

anogens. The pH is maintained between 6.5 and 7.7. 

2. Slug Addition of Toxicant to CSTR Being Fed and Wasted Daily. 

Serum bottles were anaerobically innoculated with methanogens from the in­

noculum source. Gas production was recorded daily. Glacial acetic acid was 

then injected with a microliter syringe to stoichiometrically compensate for 

the methane produced. The mixed contents were then wasted to achieve the 

) 
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desired SRT, e. g. 12.5, 25 or 50 days. A solution of nutrient salts shown 

in Table II was then added to replace the volume wasted. 

After innoculation, the serum bottles were operated for a period of 

time to establish steady state gas production. Then a slug dose of a toxi­

cant was added. The serum bott!'es were then operated for a period of time 

until gas production returned to the steady state ievel. 

3. Continuous Addition of Tpxicant at Increasing Concentrations to 

Filter. Anaerobic filters were constructed of 5 em I. D. transparent plexi­

glas tubes one meter high and packed with 1 em nominal diameter gravel. The 

void volume was 1 liter. The filters were fed 1 liter per day of the feed 

solution shown in Table II to yield a one day nominal hydraulic detention 

time. 'The toxicants were added at the desired concentration in the daily 

feed.- Gas production from the filters was measured by liquid displacement 

and the effluent was collected to ,,determine COD reduction· in the filter. 

The daily feed was administered by positive displacement pumps on automatic 

timers which injected approximately 20 m1 each 30 minutes to approximate 

continuous feeding. The concentration of acetate in the daily feed was 

2000 mg/1 (133 lbs/1000 ft 3-day) for part of the study. In the remainder of 

the study, the acetate concentration in the feed was 3300 mg/1 (200 lbs/ 
. 3 
1000 ft -day). 

4. Slug Additions of Toxicant at Inyreasing Concentrations to Filter. 

In this phase of the study, the filters received a background nutrient salt 

solution containing 2000 or 3300 mg/1 of acetic acid. A one day slug addi­

tion of a given toxicant was added to this feed solution. The filter re­

ceived only unadulter·ated nutrient feed solution on .subsequent days and the 

gas production and effluent COD were recorded until they recovered to their 

normal level. Then a one day slug .addition that was twice the previous .con­

centration was added and the response pattern noted. This continued until a 

quasi-lethal dose was reached and the filter would not recovP.r adequately • 

. ·.·: 

... 



20 

RESULTS AND DISCUSSION 

Nickel 

Batch unacclimated methanogens were progressively innibited 

by nickel concentrations in the range of 50 to 500 mg/1. Figure 

1 indicates that even at 500 mg/1, methane production continued 

at: a low rate. In a CSTR fed daily and. slugged once with 70 to 

100 mg/1 of nickel (as nickel chloride) there was no inhibition 

of methane production with 70 mg/1 as shown in Figure 2. There 

wa_s inhibition of gas production at 80, 90 and 100 mg/1 but the 

inhibition lagged four days after the nickel injections. Full 

recovery of gas production was noted within 10 days and gas pro­

duction exceeded the control rate at the end of recovery. 

Continuous additions of nickel chloride to the feed of a 

filter over protracted periods indicated that 200 mg/1 could be 

tolerated with no adverse eftect on ga~:; J:ILuduction. An i.nr.rease 

from 200 to 400_ mg/1 abruptly decreased gas production as shown 

in Figure 3 •. However, gas p.roduction abruptly resumed when nick­

el addition ceased, but was followed by a secondary relapse with 

ev~?ntnal resumption to full rate. At this point, 300 mg/1 of 

nickel was added continuously with a rapid deterioration in ga§ 

production. 

One day slug additions o£ nickel were added to the filter 

* in increasing concentrations as shown in Figure 4. At slug nick~:!l 

concentrations up to 500 mg/1, there was only about 25% decrease 

in gas production with full recovery in a day ur two. However, 

at 1000 mg/1 of nickel in the feed the gas production abruptly 

dropped and did not recover significantly after 5 days. 

Ammonium Ion 

The pH in these studies was below 7. 5. Therefor'Q, leas than 

1% of the ammonium ion was in the un-ionized form. In the batch 

CSTR unacclimated methanogens were not inhibited at ammonium ion 

concentrations up to 6000 mg/1 (as N). However, :tn the daily fed 

CSTR, there was progressive inhibition 1in the range of 4000 to 

14000 mg/1. Figure 5. At 10,000 mg/1, methane production was 

·Figs. 4, 5, 11, 12, 17, 18, 19, 20, 29, 30, and 31 are not avail~ 
able. 
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nil for 10 days but recovery was rapid. Acclimation of a filter 

to continuous additions of ammonium ion at step increases in-con­

centration showed no decrease in gas production up to 6000 mg/1. 

Figure 6. (The increase in effluent COD is due to the excessive 

chlorides.) At 7000 mg/1 of ammonium ion, progressive failure was 

noted. 

One day slug additions of ammonium ion to an unacclimated 

filter showed a sharp decrease at 4000 mg/1, but it recovered to 

about normal in one day. Figure 7. A one day slug of 8000 mg/1 

resulted in an abrupt decrease in gas production without rapid 

recovery. 

Sulfide 

With rinacclimated cultures, there was no inhibition of gas 

production up to 100 mg/1 of sulfide. However, at 250 mg/1, there 

was no methane production for the first 9 days, only the carbon 

dioxide evolved from neutralization of the glacial acetic acid 

feed. Gradually methane production resumed. Figure 8. The lag 

in methane production was longer and the rate of resumption of 

methane production was slower at sulfide concentrations of 500 

and 1000 mg/1. It is to be noted, however, that even at 1000 mg/1 

of sulfide, eventual acclimation and methane production resulted. 

In the daily fed CSTR slugged with 100 to 500 mg/1 of S there 

was an Abrupt decrease in gas pL"uduct:ion.followed by an abrupt re­

covery. Decreased sulfide concentrations due to gas stripping and 

acclimation coupled to rapidly restore gas production to normal. 

Figure 9. 

Continuous addition of sulfide at step increases in concen­

tration were fed to a filter. Figures 10 and 11. With accli~tion, 

i.t is noted that no adverse t!ffect on gas production resulted at 

concentrations up to about 600 mg/1, even though this concentration 

was strongly inhibitory to unacclimated methanogens. At 800 mg/1 

of sulfide there was about a 30% decrease in gas production over 
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the 40 consecutive days of sulfi.de addition with a slight upward 

trend indicating acclimation. Addition of 1000 mg/1 for 30 con­

secutive days resulted in about a 40% decrease in gas production 

with the gas rate being somewhat erratic. After sulfide addition 

ceased the gas production quickly resumed at the normal rate. 

Subsequently, 2000 mg/1 of sulfide was added continuously for 5 

days and gas production almost ceased. 

One day slug additions of s1,1lfide were administered in the 

daily feed to an unacclimated filter. No effect was noted at 

500 mg/ 1. Figure 12. At 1000 mg/ 1 there was· an unexplainable. 

increase in gas production. At 2000 mg/1 gas production plum­

meted but quickly returned to normal. A 4000 mg/1 slug of sul-
' 

fide caused gas production to almost cease and recovery to normal 

was slow. 

Sodium Ion 

The nutrient salt solution in which the unacclimated meth­

anogf:nS were grown contained approximately 22..00 mg/1 of sodiUID 
/ 

which was added as sodium bicarbonate to provide alkalinity. To 

assay sodium ion toxicity, additional amounts of sodium ion iu 

the form of sodium chloride were added to the system as shown in 

Figure 13. An additional 2500 mg/1 (4700 mg/1 total) showed no 

inhibition. An additional 4000 mg/1 (G200 mg/1 total) r~Rulted 

in a lag with subsequent gas production rates comparable to .the 

control. Additions of 7000 and 10,000 mg/1 (9200 and J2,200 

mg/1 total) retard~d the gas production rate to about 40 and 30% 

of the control respectively. 

Slight inhibition of gas production was noted in the daily 

fed CSTR systems slugged with an additional 5000, 7500 and 10,000 

mg/1 of NaCl (as ~a). Figure 14. Full recovery was noted within 

13 days. The system receiving 15,000 mg/1 of Na+ ceased gas pro­

duction for 30 days and very gradually recovered. 
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Long term acclimation of a filter to increasing levels of 

continuous sodium additions showed no adverse effect up to addi­

tions of 7500 mg/1 as Na+ (9700 mg/1 total). Figure 15. Addi-
. + . 

tions of 10,000 mg/1 of Na for 35 consecutive days resulted in 

30 to 40% decrease in gas production. Figure 16. There was no 

indication of progr~ssive failure. ~ 

One day slug additions of sodium as the chloride salt were 

added to an unacclimated filter. Figure 17. No significant de-
+ crease in gas production was noted at 10,000 mg/1 as Na (12,200 

mg/1 total) but 20,000 mg/1· caused a·rapid 40% decrease in gas 

production which recovered to normal in one day. At 40,000 mg/1 
+ of the Na , gas production ceased abruptly. 

Formaldehyde 

Formaldehyde is an effective bacteriacide at high concen­

trations. The aldehyde group is the toxic component. Progressive 

inhibition of batch gas production assays were noted in the range 

of 100 to 500 mg/1. Figure 18. Both a lag in onset of gas pro­

duction and a decrease in rate of gas production were observed 

as the formaldehyde concentration was increased. 

Daily fed CSTR systems slugged with formaldehyde exhibited 

an abrupt decrease in gas production with rather rapid recovery • 

Figure 19. The period of minimum gas production was proportioned 

to the formaldehyde concentration • 

. Continuous addition of formaldehyde in the feed to an anaer­

obic filter caused no inhibition of gas production up to 400 mg/1. 

Figure 20. There was an increase in gas production indicating 

metabolism of the formaldehyde. However, 600 mg/1 resulted in 

failure of gas production. 

A filter was exposed to 500 mg/1 of formalnP.hyde in the feed 

for progressively longer periods of 1, 2, 4 and 7 days with 5 

days rest between each interval. Figure 21. It maintained nor­

mal gas production for 4 days continuous feed but failed completely 
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after 7 days exposure. 

Acrylic Acid 

The double bond in acrylic acid is the toxic component It 

demonstrated a very uniform inhibition pattern to unacclimated 

methanogens as shown in Figure 22. Progressive inhibition of 

the gas production rate is noted at increasing acrylic acid con­

centrations as the acetate is utilized. At 500 and 750 mg/1, 

only 60 and 40% of the control volume o£ gas was produced after 

22 days. 

naily fed CSTR systems slugged with 25 to 100 mg/1 of acrylic 

acid exhibited i!thibition in proportluu to the acryli.:- acid cuu­

centration. Recovery to normal gas production was noted in 8 days 

with 25 mg/1 of acrylic aclu. Figura 23. ~~s prod.~ction was nil 

for about 15 days in the systems receiving 75 and 100 mg/1 of 

acrylic acid. 

Gradual acclimation of a filter to increasing acrylic acid 

concentrations is shown in Figure 24. After 90 days, 600 mg/1 of 

acrylic acid in the feed displayed no inhibition of gas produc­

tion. At ROO mg/1, gas production decreased to about 70% of the 

background rate as shown in Figure 25. Gas prorltictiun remained 

reasonably constant, however. An increase to 1000 mg/1 further 

depressed gas production to 35% of the background rate. At this 

point, the acetic acid in th~ background feed w~s eliminated to 

observe the metabolism of acrylic acid. Partial metabolism of 

acrylic acid was indicaLeu by tho gaii prnrluction and COD reduc­

tion in the effluent. Acrylic acid concentrations of 500, 1000 

and 1500 mg/1 wert:". aasayed wHh partial metabolism indicated. 

Figure 26. 

Finally, one day slug additions of acrylic acid were made 

to the fe.ed, followed by a period of unadulterated feeding as 

~hown in Figure 27. A direct inhibition of gas production re­

sulted, followed by a rapid reeevery of gas .production when the 

• 
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unadulterated feed was added. Even at 2500 mg/1 acrylic acid rapid 

recovery was noted, but 5000 mg/1 caused total inhibition of gas 

production with relatively slow recovery. 

Acrolein 

Acrolein has two components which exhibit toxicity to unaccli­

mated methanogens. One is the double bond and the· other is the al-· 

dehyde group. At 25 mg/1, 'acrolein exhibited no inhibition to un­

acclimated methanogens. Figure 28. However, at 50 mg/1, the rate 

of gas production for Day 1 was only half of the control and total 

cessation of gas production was noted when· only 15% of the acetate 

was exhausted. 

Daily fed CSTR systems slugged with 10 to 50 mg/1 of acrolein 

showed a very uniform pattern of toxicity recovery. Figure 29. 

A slug of 10 mg/1 reduced gas production to 60% of the background 

with subsequent recovery in one day. A slug of 50 mg/1 of acro­

lein resulted in nil gas production for 20 days with a recovery 
' 

rate to normal that paralleled the lower doses. 

Additions of acrolein to the daily feed to the'filters were 

made over prolonged periods. Acrolein additionswere stopped for 

a number of days. Then continuous additions of acrolein at an 

increased level were resumed. Figure 30 indicates that 100 mg/1 

of acrolein couid be tolerated in the feed wi~h no decrease in 

gas production. Suhsecp.tent addition of 200 wg/1 resulted in total 

cessation of gas production. 

One day slug additions of acrolein to a filter were made at 

increasing concentrations. Relatively little decrease in gas 

production resulted with 2'50 and 500 mg/1 of acrolein in the feed. 

However, a one day slug addition of 1000 mg/1 of acrolein marked­

ly decreased gas production which recove~ed only slowly as shown. 

in Figure 31. 

.{, 
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A COMPARISON OF THE RESPONSE OF METHANOGENS TO TOXICANTS: 
ANA,EROBIC FILTER VS SUSPENDED GROWTH SYSTEMS 

Gene F. Parkin, Richard E. Speece, and C. H. Joseph Yang 
Drexel University 

Philadelphia, Pennsylvania 19104 

ABSTRACT 

The anaerobic, methane ferme~tation process offers great potential for 

treating industrial wastewaters. Application of the process has been limited 

due to a reputation of process unreliability for wastewaters containing toxi­

cants •. Of the two major flow schemes, the anaerobic filter affords two major 

advantages over complete-mix, suspended growth systems (CSTR) for treating 

wastewater containing toxic materials: 1) higher inherent solids retention 

times (SRT) and 2) a plug-flow mode that can pass slug doses of toxicants 

quickly. High values of SRT are needed to prevent biomass washout during the 
·~ 

critical start-up period and to allow methane bacteria to acclimate to the 

toxic materials. Experimental data indicate that the anaerobic filter, which 

would pass slug doses of toxicant rapidly (approximately one day for a nominal 

hydraulic retention time of one day), provides a distinct advantage over the 

CSTR, which would experience protracted toxicant washout times. Suspended 

growth systems were exposed to various concentrations of cyanide, chloroform, 

formaldehyde, ammonia, nickel, copper, and calcium for one to ?4 hours, cen­

trifuged and the supernatant replaced with an unadulterated nutrient solution. 

Depending on the toxicant type and concentration, systems showed no decrease 

in gas production or recovered to full gas production in much less time than 

systems that were not centrifuged. 
_/ 

---
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INTRODUCTION 
Use of the anaerobic, methane fermentation process for treating in­

dustrial wastewaters offers the dual advantages of energy savings and 
pollution abatement .. An additional plus is the approximate 90 percent 
reduction in bacterial ·sludge production for anaerobic processes when com.:. 
pared with aerobic processe~. However, application of the methane fermen­
tation process has been lii)lited due to a reputation of unreliability when 

·treating industrial wastewaters containing toxic material~. 
Presently the two major types of reactors used in anaerobic treat­

ment Rre the complete-mix~ suspended growth reactor (CSTR) and the upflow 
anaerobic fi 1 ter. The anaerobic filter affords two major advantages over 
the CSTR when treating wastewaters containing toxicants: 1) higher in­
herent solids retention times (SRT or ec) and 2) a plug-flow mode that can 
pass slug doses of toxitants quickly. Of course, a ~isadvantage of the ~n-

c aerobic filter is that it works well only for soluble organic wastes. 
I . 

~ High values of SRT are needed to prevent biomass washout during the 
critical start-up period ·and to allow the methane bacteria to acclimate to 
the toxic substance. Speece et al (1) have discussed the importance of 

~ acclimation; methane bacteria can tolerate le~els of toxicants 20 to 50· 

~ times higher than previously thought possible if adequate acclimat1on time 
is allowed. In addition, the solids capture capability of the filter re­
sults in ·low suspended solids concentratiur1s in filter effluents. 

The ability of an anaerobic filter to pass slug doses of toxicants is 
thought to be an advantage if the toxicity is fully or partially reversible. 
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Anaerobic filters may have nomina 1 hydr.a.ul ic retention times of one to six 
days. If the toxicity is reversi.ble, systems should rapidly recov-er to 
full gas production since the toxicant load will be passed quickly. The ad­

vantage of a CSTR is an initial, rapid dilution of the toxicant, hopefully 
to a concentration that is not inhibitory to the bacteria. However, tox-i­
·cant washout times are protracted and if·the·dilution is not sufficient, 
the CSTR, in contrast to the anaerobic filter, may experience long recovery 

periods. 
This paper presents partial results from studies conducted to investi­

gate the reversibility of several toxicants and thus provide a relative· 
comparison of the ability of anaerobic filters and CSTR systems to reoover 
from slug additions of toxic substances. Suspended growth systems were 
exposed to various concentrations of cyanide, -chloroform, formaldehyde, 
ammonia, nickel, and sulfide for'one hour, one day, and four days, centri­
fuged, and the supernatant replaced with anunadulterated nutrient solution. 
Depending on the toxicant type and concentration, systems showed no de­
crease in gas production or recovered to full gas production in much less 
time than systems that were not centrifuged. Data from anaerobic filters 
receiving slug doses of the same toxicants are als~ included. 

EXPERIMENTAL PROCEDURES 
It is generally accepted that the conversion of acetic ~cid to methane 

by methane bacteri_a is the rate-1 imiting step in the anaerobic fermentation 
of complex organics and that approximately 70 percent of the methane pro­
duced from such wastes results from acetate fermentation {2,3,4). There­
fore, it was decided to use acetate enrichment·cultures for this study. 
Acetate Enrichment Cultures 

A stock enrichment culture was developed from·an actively digesting 
sludge seed and is maintained at a 50-day SRT while feeding lOOOmg/1 of 

. acetic acid per day. The daily feed solution contains the nutrient salts 
listed·in Table 1. 
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Table 1. Nutrients contained in the Acetate··Enrichment Culture 

NaHC03 
NH4Cl 

Component 

KCl 
MgS04"6H20 
(NH4)2HP04 
FeC1 2"6H20 

Cysteine 
KI 
Na Hexametaphosphate 
CoC1 2 
M~Cl 2 
NH4v2o3 
ZnC1 2 
Na2Mo04"2H20 
H3so3 

Serum Bottle Studies 

Concentration· in Digester (mg/1) 
6000 
400 
400 
400 

90 

40 
10 
10 
10 

4 

0.5 
0.5 

0.5 
0.5 
0.5 

Th~ serum bottle technique developed by.Miller and Wolin (5) was 
adapted for this study. Oxygen was ·removed from 12!i--160 ml !:erum bottlP.s 
by submerging them in water and then displacing the water with a '75 per·cent 
N2-25 percent CO? gas mixture. Serum caps ,were placed-on the bottles while 
sti 11 submerged. Inocul urn from the acetate enri dunent cultures was trans­
ferred by an anaerobic transfer technique using a hyputlermic syringe. 
Glacial acetic acid was injected 1nto tile ~erum bottle£ u5ina rt microliter 
syringe. Chloroform, formaldehyde, and stock solutions of KCN, NH4Cl, 
NiC1 2, and Na2s were added using microliter syrinaes also. 

The serum bottles were maintained at a given SRT (25 days in most cases) 
by daily withdrawal of the requisite volume of mixed contents and replace­
ment with the nutrient salt solution (Table 1) using hypodermic syringes. 
Gas production was measured daily by displacement of·an acid-salt solution 
contained in a reservoir connected to a hypodermic needle for piercing the 
serum cap. The acetic acid concentration was·restored daily to lOOOmg/1 by 
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stoichiometrically adding glacial acetic acid with a microliter syringe in 

proportion to the methane. produced the previous day. 
Studies of the effect of taxi cant exposure time (refers to 1 i quid phase 

exposure only and not toxicant bound to the cells) were made by injecting 
the toxicant to give the desired concentration (see ~able 2) in the serum 
bottle. After the desired exposure time (one hour, one day, or four days 
for most experiments), the serum bottles were placed directly into a centri­
fuge. and centrifuged for 15 minutes at 3000g. The serum bottles were then 

· carefully inverted and the supernatant was completely removed using a sy­
ringe. A 75/25 percent mixture of N2/C02 was introduced as the sup~rnatant 
was withdrawn. Then, unadulterated, centrifuged supernatant from the ace~ 
tate enrichment culture was injected into the serum·bottle to replace the 
adulterated supernatant·withdrawn. Daily feeding and ga.s mea~urement were 
then continued as described above. 

Table 2. Concentrations (mg/1 in serum bottle)·tested in this study 

Cyanide: 1 ,2 ,6 
1,5,10,100,200 (second study) 

Ch 1 oroform: 2,4,12 

50,100 (second study) 
Ammonia: 4000,8000, 24,000 
Nickel: 400,800,2400 
Formaldehyde: 300,600,1800 
Sulfide: 250,500,1500 

Anaerobic Submerged Filters 
The filters (stone media) were operated on a one-day hydraulic retention 

time (based on void volume) and fed 3300 mg/1 of acetic acid in the-nutrient 
salt solution described in Table 1. 

Gas production and effluent chemical oxygen demand (COQ) were measured. 
The six toxicants were added to the appropriate filters in the daily feed. 
1\fter the prescribed exposure time, only unadulterated feed (acetic acid 
plus nutrient salts) was fed to the filter and the gas production recovery 
pattern was observed. 

RESULTS 
Cyanide ( CN-) - -:- .. 

The effect of various cyanide concentrations and exposure times is 

. ; • .. ~· 
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shown in Figures 1 and 2. Cyanide toxicity seems to be·fairly reversible .. 
At cyanide concentrations of less than'6-10 mg/1 and an exposure time of 
one hour, little or no decrease in gas production was experienced. When 
the concentration exceeded 10 mg/1, a noticeable·decrease in gas produc­
tion was observed; however, even a 100 mg/1 dose with a one hour exposure 
did not result in complete cessation of gas production. Exposure to 100 
mg/1 for one day did result in a five-day period of zero gas production. 
The control (no centrifugation and removal·of·supernatant) system of· Figure 
1 (6 mg/1 dose) decreased to zero gas production rapidly and remained there 
forth~ duration ot·thA study, 

t 

The observation· that· dramatizes-the potential·advantage of the anaer~ 
obic filter over the CSTR is shown by the one and four day recovery curves 
of Figure 1. Once the cyanide in the liquid phase was removed, the systems 
recovered rapidly. The ability of an d~tual anaerobic filt~r to withstand 
vario~s slug doses of cyanide is demonstrated by data presented in Figure 3. 
Chloroform . 

Data presented in Figures 4 and 5 indicatethat·for exposure to chloro­
form, there was a residual and accumulative effect·. and the effect was par­
tially reversible. The residual effect may be due·to c~loroform associated 
with the biomass, since only chloroform present·inthe·centrifugate was 
discarded. Removal nf chloroform from the 11quid phase after a one hour 
exposure resulted in ruote rnpid recovery to full gas production, as evi­
denced by .comparison with control curves (Figure 4). To appreciate the 
significance of the periods of zero gas production of 7, 16, and 20 days 
for· the systems of Figure 5, a 40 mg/1 control (not show~) had a •down 
time• of 48 days. 

Again, the important observation is that the··anaerobit f11t~r·, which 
will pass the chloroform out of the system quickly, should exhibit much 
faster recovery from toxicant exposure than a C!:iTR. Rc~ponse of an anaer­
obic filter to chloroform is shown in Figure 6, 

Ammonia (NH~) _ 

The response of methane bacteria to 24,000 mg(l of ammonia w~s very 
similar to cyanide response: ammonia toxicity appears to be highly rever­
sible {see Figure 7)~ Once the ammonia was removed, the bacteria recovered 
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.rapidly. Exposure of an anaerobic filter to ammonia confirmed the ability 
of the filter to pass the toxicant quickly, showing little decrease in 
treatment efficiency, or recovering rapidly once the toxicant is p·assed 

(see Figure 8). 
Nickel (Ni ++) 

Data on nickel toxicity (Figures 9 and 10) indicate that recovery was 
dependent on concentration and exposure time. Ctincentrations less than 
800 mg/1 and exposure. times less than ·one day resulted in 1 ittle decrease 
in gas production.· However, a concentration of 24,000 mg/1 (one hour ex­
posure) and an exposure of four days (800 mg/1) resulted in zero gas pro­
duction. Thus the reversibility, that is, the potential ability of a filter 
to pass the toxicant and recover quickly is a function of nickel concentra­
tion and duration of exposure. It should be mentioned that 800 mg/1 of 
nickel is about two orders of ma~nitude above the generally reported level 

* . 
of nickel toxicity. As shown in Figure ll, the anaerobic filter will pass 
a slug dose of 500 mg/1 with little decrease in process efficiency. The 
se~um bottle centrifuge studies seem to do a good job predicting the levels . 0 . 
of toxicants that can be handled by the filter. 
Formaldehyde 

Results from a one-hour exposure to 300, 600, and l800 mg/1 indicate 
that formaldehyde toxicity is similar to chloroform toxicity: there is a 
residual toxicity effect, that is, formaldehyde toxicity is partially re­
versible (Figure 12). The CSTR alternative (controls), however, exhibited 
complete cessation of gas production for the entiretP.st period for all con­
centrations tested. The potential advantage of the anaerobic filter is 

r 

again clear, and further demonstrated by the actual filter data presented in 
Figure 13. 
Sulfide (sZ::) 

Serum bottle experiments with a 1500 mg/1 concentration of sulfide 
showed partially reversible toxicity with eventual complete recovery (Figure 
14). Once again the CSTR system (conttol) result~d in extended periods of 
zero gas production. The response of an anaerobic filter to sulfide.sub­
stantiated the claim that the filter may 'handle' slug doses bf toxicant 
better than a CSTR (Figure 15). 

*Figs. 11, 13, and 15 are not available. 

-.·· 
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DISCUSSION 

The magnitude of the decrease in gas production-and rate of return to 
\ 

full gas production· was a function of toxicant type and· concentration and 
.duration of exposure to toxicant in the liquid phase. In general, cyanide 
and ammonia toxicity were fairly reversible while chloroform, formaldehyde, 
and sulfide exhibited some i~reversible toxicity. The case with nickel 
toxicity was less clear; whether the results were indicative of reversible 
toxicity was highly dependent on nickel concentration. Regardless, the 
potential advantage of the anaerobic filter over· the CSTR was clear in all 
cases. It should be noted that for each toxicant there no doubt e~1sts d 

concentration above which even the anaerobic filter cannot recover. 
The evidence presented in this paper should hdve a strong bearing on 

selecting the process configuration used to treat industrial wastewaters 
containing toxic substances. Pr~v1ously it WB3· thought to hP an advantage 
of a CSTR that toxicants would be rapidly diluted, thus lessening their 
impact on anaerobic treatment efficiency. However, the toxicant slug would 
also be diluted from the system relatively' slowly, re,sulting in protracted 
recovery periods as shown by the control systems used in this study. 

The submerged anaerobic filter operates predominantly 1n a plug-flow 
mode, resulting in·no initial dilution of the toxicant slug, but rapid 
elution of the toxicant from the system. As shown by data presented in this 
paper, filter recovery times are considerably shorter than those of the 
CSTR systems. For certain types and concentrations of toxicants, it may be 
better to elute toxic substances quickly with no dilution (the filter) than 
to rapidly dilute but el~te toxicants slowly (CSTR). Provisions for re­
cycle to the filter shifts the flow mode from plug-flow towards a CSTR. In 
view of the presented results, such activity may result in decreased pro­
cess efficiency. 

SUMMARY AND CONCLUSIONS 

It has been demonstrated that the anaerobic filter has a substantial 
potential advantag~ over the more conventional suspended growth, complete­
mix system (CSTR) in that the filter can elute toxicant slugs ·quickly and 
thus return to full ·gas production more rapidly. This advantage is magni­
fied·when considered in light of the significant acclimation potential of 



45 

the anaerobic filter as reported by Speece et a 1 (1). 

As previously noted, this paper presented only partial results. The 
data indicates that the anaerobic filter affords an ~dvantage over a CSTR 
for some types and concentrations of toxicants. This aspect needs to be 
studied in detail to better define the- advantage of· the filter. Future 
work should also focus on the effect of· combinations of the various toxi­
cants and the mechanism of toxicity, although some indirect evidence con­
cerning mechanisms is contained in the data. Toxicant-concentrations in 
effluents should be measured to help in ascertaining mechanisms of to~icity. 
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ANAEROBIC ACTIVATED CARBON FILTE~S FOR THE TREATMENT 
OF WASTEWATERS CONTAINING PHENOLS 

Wendall H. Cross, Makram T. Suidan, Khalique A. Khan, and Madeline Fong 
School of Civil Engineering, Georgia Institute of Technology 

Atlanta, Georgia 30332 

ABSTRACT 

Phenol and its derivatives present an environmental hazard and are 

therefore of concern to the coal gasification and coking industry. Tra­

ditional treatment processes are energy intensive and frequently exhibit 

instabilities induced by variations in the chemical characteristics of 

the influent waste stream. 

The treatment system developed in this study consists of an 

anaerobic. filter utilizing granular activated carbon as a contact media. 

The system combines the attractive features of activated carbon adsorption 

with the extended service life of the media as provided by the continuous 

anaerobic bioregeneration of the carbon. 

Four experimental reactors were operated continuously for over two 

·years. Influent feed concentrations of phenolic compounds were varied 

from 200 to 1,000 mg/1. Removal efficiencies in excess of 99 percent 

were obtained with reactors fed phenol, catechol and a mixture of phenol 

and glucose. Methane was generated in the quantities expected from the 

anaerobic degradation of the feed compound. A reactor fed only ortho­

cresol exhibited very little microbial activity. ·Investigation of the 

.ad~orption capaclty of activated carbon for ortho-cresol indicated removal 

was due only to surface adsorption. 
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·1. INTRODUCTION 

The growth of industry and advancement in technology over the last two· 

decades have resulted in the discharge of extremely complex compounds to 

the environment. Phenolic compounds, monohydroxy derivatives o,f benzene, 

have been and are presently prioritized as a major environmental concern in 

these wastewaters. Major contributors of phenols bearing wastewaters 

include coking and coal gasification plants, petroleum refineries, phar­

maceutical plants, fertilizer manufacturers solvent and explosive indust.ries, 

dye mam1fr~r.turing~ steel mills and the paper industry. Phenol bearing 

wa::~tcwatera hr~vP. traditionally been treated using the extended aerat:ion 

activated sludge process or other aerobic treatment proccaces. (Ji.mt.gen and 

Klel11, 1~76). Such processes are very energy intensive because of the 

employment of excessively long aeration detention times (CanczarcByk and 

Elion, 1978; Sack and Bokey, 1978), and they often exhibit instabilities 

induced by variations in the chemical charat:.L.i:!.Cl5tic::J of thii influent wg.ste 

stream (Sack artd Bokey, 1978). 

The aerobic biological treatment of coal conversion wastewaters · 

exhibits an additional complicating feature due to the simultaneous pre­

sence in these wastes of phenols, ammonia, cyanide, thiocyanate anrl num~rous 

mono and polycyclic hydrocarbons (Forney et al., 1974; Ho et al., 1976; 

Singer et al., 1977). These constituents have been shown to exhibit strong 

co.,.inhi.bition characteristics to aerobic degradation (Juntgen and Klein, 

1976; Johnson et al., 1977; Val_iknac and Neufeld, 1978), and as sud1 the 

extended aeration activated sludge process has been shown to fail in meeting 

the treatment requirements of these wastes (Sack and Bokcy, 1978; Ganczarczyk 

and Elion, 1978). 

Phenol bearing wastewaters have bP.en treated using-a vario:>ty of 

physical and t.:hemical unit operations and processes. Chemical oxidants such 

as ozone (Eisenhauer, 1968), puLa~sjum pcrmangan.<~t.P.. (Lanouette, 1977), 

hydrogen peroxide (Eisenhauer, 1964), and chlorine (Throop, 1975) have been 
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demonstraLed to be very effective in the cleavage of the parent benzene 

ring of phenol. In the majority of cases, however, a high ·molar ratio of 

oxidant to phenol is required to achieve any ~ppreciable reduction inphenols 

and consequently these methods are only recommended for effluent polishing 

purposes and ·not for the treatment of the raw wastewater. Adsorption onto 

activated carbon has been demonstrated to affect good removal of phenols 

from wastewater (Juntgen and Klein, 1976; Zagorski and Faust, 1978). How­

ever, because of the limited capacity o:t: activated carbon in adsorbing or­

ganic matter, thermal regeneration of the spent carbon becomes necessary; 

thus rendering the process energy intensive and requiring the constant 

addition of fresh carbon to supplement regeneration losses. 

The anaerobic activated carbon biological filter combines the attractive 

features of adsorption with the extended service life of the adsorbent sur­

face by the continuous anaerobic bioregeneration of_.the carbon. This 

treatment process is particularly suited for wastewaters containing mixtures 

of readily biodegradable organic compounds in addition to more resistant 

and refractory matter. The less biologically resistant organic compounds 

are rapidly converted to the poorly adsorbing volatile fatty acids prior to 

their final conversion to methane and carbon dioxide and, as such, the 

carbon surface becomes more available for the uptake of the more·resistant 

organic matter which will then be held in intimate contact ~ith the attached 

microbial culture for acclimation and biodegradation to occur. Other 

advantages to the use of granular activated carbon as a contact medium 

include the concentration polarization of organic compounds near the carbon 

surface whet:e enhanced kinetic rates result in better polishing capabilities 

of the final effluent. The activated carbon also serves as a buffering 

reservoir, withholding nutrients during peak influent substrate concen­

trations and releasing those nutrients back to the biomass when the feed 

substrate concentration subsides. 

2, MATERIALS AND METHODS 

Three identical treatment systems were used in this study. Each 

treatment apparatus consisted of four jacketed columns and three clarifiers 

connected in series with one clarifier located after each of the first three 

columns. Figure 1 represents a schematic of one column and one clarifier. 
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Each column was constructed of plexiglas 61 em long and 5 em in internal 

diameter with perforated plates situated on both ends of each column in 

order to retain the reactor contents and allow for passage of the solution. 

A short plate section was attached to the lower end of each column in order 

to allow for the installation of feed and recirculation water fittings, 

while a 10 em long plexiglas cylinder was attached to the top of each column 

to allow for water withdrawal, recirculat~on and gas collection. Recir­

culation of the reactor aqueous contents around each individual column was 

provided through the use of a multiple head tubing pump (Cole-Parmer Model 

7567, Chicago, Ill.). The clarifiers were constructed of plexiglas tubes 

12.7 em in length and 7.6 em in internal diameter. These units served for 

the removal of excess biomass production and provided a means for the 

separation between the gaseous phases of the different columns. Water was 

recirculated from a constant temperature bath through the water ja~kets of 
- 0 the four columns thus maintaining a system temperature of 35 + 0.5 C. 

Each column reactor was charged with 446.6 grams of Filtrasorb 400 

granular activated carbon (Calgon Corporation, Pittsburgh, PA). Prior to 

loading, the carbon was sieved into a number of size fractions and the size 

distribution of the carbon actually used was 16 percent 18 x 20 U.S. Mesh, 

27 percent 16 x 18 U.S. Mesh, and 57 percent 10 x 16 U.S. Mesh. 

Synthetic substrates bearing either ph~nol, ~atechol or a-cresol along 

with the nec.essary trace salts and nitrogen and phosphorus nutrients were 

used in this study (Suidan et al., 1979 a,b). The synthetic substrates 

were prepared daily and pumped into the first column of every reactor 

. system at a flow rate of 2 ml/min using positive displacement FMI pumps 

Model RPG-20 (Fluid Metering, Incorporated, Oyster Bay, NY). At this flow 

rate, an empty bed contact time of 11.62 h was provided per column resulting 

ii1 a total empty bed contact time of 46.4 7 h per reactor system. 

In the preparation of the feed substrates, appropriate volumes of a 

salt solution were mixed with a phosphate buffer solution and accurately 

weighed quantities of either phenol or calechol or an accurately measured 

volume ofo-cresol. The mixture was then diluted to a volume of four liters 

with double distilled deionized water and its pH. was adjusted to neutral 

range with a concentrated sodium hydroxide solution. The feed reservoir 

waH then purged with nitrogen gas and placed in a 4°C refrigerator for 
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pumping into the system. 

Samples collected from the system were subjected to analysis following 

the procedure in Standard Methods for the Exam[nation of Water and Waste­

Water, 14th Edition, 1975 with the exception of the following analyses: 

(a) Oxidation Reduction Potent·ial (ORP) was determined following the 

procedure found in the 1973 Book of ASTM Standards, Water; Atmospheric 

Analysis, Part 23. Method D 14~8; (b) Gas Analyses were performed on a 

Fisher Model 25V Gas Partitioner using Certified Calibration Standards 

(Matheson, East Rutherford, NJ); and (c) Phenol, catechol and a-cresol 

analyooE: H~.t:li' fH~rformed bv taking a fixed volume of sample filtered through 

a 0 .. 4511 membrane filter (Gelman, Type GA-6), adjusting the pH to 12 and 

diluting to 100 ml with distil1ed water. The ultraviolet absorption spectra 

of the samples were obtained using distilled water (pH 12.0) as a. reference. 

The absorbances of phenol, catechol and a-cresol at 286 nm, 268 nm and 235 nm, 

respectively, were compared to the adsorbance ot a series uf known 

concentration solutions (pH 12) of the respective phenolic compounds for 

the determination 'of the solute concentration. The minimum detectable 

concentration of the three phenolic compounds using this method is 0.-1 mg/1 

in distilled water using a 5 em light path and 1. 0 mg/1 in th~ column 

effluents b.ecause of the presence of interfering species, in which case the 

values determined for the lower concentrations were greater than or equal to 

the actuRl phenols concentrations. 

3. REACTOR STARTUP AND OPERATION 

The three anaerobic activated carbon filter reactor systems employed in 

this stuciy were operated using phenol, catechol or a-cresol as the respective 

primary organic carbon.source. The experimental units were seeded by adding 

100 ml of digester supernatent from a field unit along with a 100 ml of 

sludge from a glucose fed laboratory digester to each imllv.idual column. 

After seeding, recirculation of the aqueous contents around· each individual 

column was initiated and the systems were fed the appropriate phenolic 

compound on a batch basis for a period of rhree weeks, after which continuous 

pumping of the appropriate substrate was initiated. All systems were 

continuously .fed until steady-state operating conditions were attained, at 

which time, the influent feed levels of the appropriate phenolic compound 
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was increased. Steady-state operating conditions were defined as the state 

of steady gas production and uniform effluent characteristics. 

4. PHENOL DEGRADATION STUDIES 

The phenol fed anaerobic-activated carbon reactor system was operated 

continuously for a period of 550 days. During the first phase of this 

experiment, which extended over a period of 267 days, the feed phenol 

concentration was maintained at 200 mg/1, while in the second phase of the 

study, which lasted for 283 dHys, the phenol concentration in the synthetic 

feed was raised to 400 mg/1. 

Little or no gas production was observed from the reactor system during 

the first 135 days of continuous operation (see Figure 2), while the 

phenol content in the effluent from the first column averaged 100 mg/1 

during the period extending between days 100 and 150 of continuous operation . 

The data· in Figure 3a represent a COD material balance between the feed 

substrate and the effluent from each of the four columns on day 134 of 

continuous operation. On that day_ the substrate COD was reduced from a 

level of 605 mg/1 in the feed to 355, 95, 85, and 84 mg/1 in the effluents 

from columns 1, 2, 3 and 4, respectively. No gas production was observed 

from the treatment system on that day thus leading to the conclusion that 

most of the COD removal was due to adsorption onto the activated carbon 

surface. 

After day 135 of continuous feeding, vigorous methane gas production 

was attained from the treatment system at an average proclnr.tion rote of 

622 ml/day at standard temperature and pressure (STP) for the period 

extending between day 135 and 240. The phenol content in the effluent of 

the first column decreased to below 5 mg/1 during that period. A COD 

material balance across the experimental system on day 225 which corresponds 

to the period of vigorous gAs production i~ given in Figure 3b. The COD 

equivalent of themethane gas liberated from the first r.olumn of the 

experimental reactor on day 225 exceeded the COD of the incoming substrate 

by 117 mg/1 of feed solution. This observation, coupled to a similar result 

obtained when a carbon material balance was constructed across the system 

leads to the conclusion that the activated ~arbon was undergoine biological 

regcneratiun during this period of operation. Gas production and COD 

·~::; ·,. :.· 

• l,, 



300 

240 
. 

p.. 

E-< . 
(/) 

w 
:1) 

~ 180 
~ 

<1) 

~ 
C\l 
.c I 

L~y 
w 
<1) 

200 mg/1 I 
0'\ 

::E: 0'\ 

~ 120 Phenol c I 
C\l 
w I Phenol 
0 

E-< I 
<1) 

:> 
·.-i 

I 
w 
C\l 
~ 

;::! 60 s 
;::! 
u 

c 
120 180 240 300 360- 420 480 540 

Time, days 

Figure 2. Total Methane Production.= Phenol Fej Reactor 



1000 
0 COD + Methane 

"V COD 

90·) Phenol COD 0 

800 

700 

/ 

600 

r-i 
........ 

500 b() 
E 
~ 

0 ·o 
400 

(J'\ 

u -...! 

300 

200 

100 

.. 0 
I 1 2 3 4 I 1 2 3 4 I 1 2 3 4 

Column Number Column Number Column Number 
Day 134 Day 225 Steady-State 

Figure 3. COD Profiles - 200 mg/1 Phenol Fed Reactor 



68 

reduction wer.e also observed from the second column reactor. The last two 

columns remained somewhat dormant throughout the study period. 

After day 240 and until day 267 of continuous operation, gas production 

subsided to a methane steady production rate of 420 ml/day of methane gas. 

A steady state COD material balance across the treatment system (see Figure 

3c) reveals that at steady state operating conditions only 78 mg/1 of COD 

was not accounted for in aqueous and gaseous phases of the treatment 

. system. This corresponded to 15 percent of the feed COD and may be 

attributed to a comhination of adsorption desorption and biomass production. 

At steady-st?te operatb1g conditions, gas production from the treatment 

system was virtually limited to the first coluu1n although th~o! second 

column was very active in gas production during the bioregeneration phase 

which extended from da'y 135 to day 245 of continuous operation. Iri addition 

to .being the primary methane producer, the first column was responsible for 

over Sci percent of the reduction in the fee~ cuu while Lhte wlLole tro:ltm~nt 

system accounted for 92 percent reuuction in COD. 

In order to evaluate the response of the treatment system under condi­

tions of increased phenol concentration, the phenol content of the synthetic 

feed substrate was increased from 200 to 400 mg/1 on day 268 of. continuous 

operation. The initial response of the system was an immediate increase 

in the rate of gas productioA over the steady-stRte prouu~tion level 

observed during the first stage (see Figure 2). The effect uf an increase 

in the feed phenol concentration on the treatment system is best illustrated 

by the COD material balances constructed across the treatment columns for 

days 344, 395 and when steady-state operating conditions were attained 

(s.ee Figures 4a, b and c). These three figures illustrate (a) a periud of 

stable operation characterized by adsorption and blodegradullon (Fieuro '~a), 

(b) a period of active biuregenerntion alone with efficient biodegradation 

(see Figure 4b) and (c) a periuu ot steody-oLate operation wjth COD removal 

efficiencies exceeding 93 percent (see Figure 4s). The data in Figure 4c 

illustrate clearly that at steady-state all removal was accomplished in the 

first anaerobic filter with very little r~rlditional removal attained from 

the last three columns. 
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5. CATECHOL DEGRADATION STUDIES 

The catechol fed anaerobic-activated carbon reactor system was op~rated 

continuously for a period of 511 days. During the first phase of this 

experiment, which extended over a period of 333 days, the feed catechol 

concentration was maintained at 200 mg/1, while in the second phase of the 

study, which extended over .an additional period of 178 days the catechol 

concentration in the synthetic feed was increased to 400 mg/1. 

The response observed from the catechol fed reactor was similar to the 

adsorption bioregeueu:t.tion and cteady-state operation obtained from the 

phenol fed :rP.ac.tor. Dutlug tht; firot 120 rlr1ys of continuous operation, no 

appreciable gas production was observed from the reactor system (see 

Figure 5) while, concurrently, no catechol was detected in the effluent. 

This was due to the adsorption of catechol onto the activated carbon surface 

th~~ rendering the substrateunavailable for biodegradation by the microbial 

culture. Measurable gas production became noticeable on day 12U wh~re fur 

a period of 23 days, .a methane production rate of 50 ml/day at STP was 

recorded (see Figure 6a). Vigorous methane production averaging 582 ml/day 

was observed from the first two columns during the period extending from day 

143 to day 235. During this period bioregeneration of the activated carbon 

was occurring as evidenced in Figure 6b. After 4ay 235 methane production 

which became. 11.m1teu to the first column remained relatively constant at a 

rate of 185 ml/<lay. A COD materinl halance across the reactor during thar. 

period indicates that steady-state operating conditions have been attained 

for the 200 mg/1 c.atechol loading phase (see Figure 6c). 

The. feed catechol c.oncentration was increased to 400 mg/1 on day 333 and 

tho corr~;>.spnnding response of the treatment system was an immediate 

increase in the methane production rate as is obvious from ~igute 3. COD 

material balances across the four anaerobic column3 indicatP. that during 

t.his phase of the experiment the treatment' systelll exllibir.cd Llu~ ~.qmr. three 

stages that were observed when the feed phenol content was increased from 

200 to 400 mg/1. These phases were (a) adsorption and biodegradation 

(see Figure 7a}, (b) bioregeneration (see Figure 7b) and (c.) steady-state 

performance (see Figure 7c). 
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6. O~CRESOL DEGRADATION STUDIES 

A third series of four anaerobic-activated carbon filters were operated 

continuously for a period of 420 days with a synthetic feed substrate 

containing 256 mg/1 of .a-cresol. Very l'it tle gas production was observed 

from the treatment system throughout the study and the concentration of 

a-cresol in the effluents from the series of four columns followed a typical 

adsorption breakthrough curve. After it became obvious that a-cresol was 

very resistant to this mode of degradation the feed substrate was supple-. 

mented with 100 mg/1 of glucose in order to serve as a readily bionP.gradable 

cosubstrate. Limiteu data collected torlate ~n,dicaLe LliAt mcthano prr.u.hwt.i on 

fr.om the treatment. system has exceeded that anticipated ~rom the complete 

degradation of glucose and tlwL the treatment system iS CUlTently degrading 

a-cresol. 

7. SUMMARY AND CONCLUSIONS 

The results of this study demons'trate the potential of the anaerobic­

activated carbon filter in the treatment of phenolic compounds. Phenol 

and catechol were reduced by the process to below detectable levels with 

corresponding COD removal efficiencies exceeding 90 percent.· 0-cresol 

exhibited a stronger resistance to anaerobic biodegradation than the other 

two phenolic compounds, however, co-acclimation studies with glucose have 

yielded encouraging results todate. 

In conclusion, the anaerobic activated carbon filter developed in this 

study has the potential of being a treatment effective and energy efficient 

process for the treatment of various industrial wastewaters. 
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A COMPARISON OF ANAEROBIC VS. AEROBIC TREATMENT 
OF PHARMACEUTICAL WASTE 

J. Charles Jennett 
Syracuse University 

M. C. Rand 
University of Alabama -- Huntsville 

ABSTRACT 

Wastes from pharmaceutical operations are extremely strong, concentra­

ted, difficult to handle, and require some of the most complex and expensive 

treatment control systems of any industry. This paper reports on investiga­

tions of the use of anaerobic filters as a device for treating these wastes. 

Ideally suited for the removal of soluble organics, the anaerobic filters re­

quired no recycle, had virtually no sludge disposal problem and generated more 

usable energy in the form of methane than it consumed. The experimental sys­

tem was compared to an existing "exemplary" aerobic treatment system. 

The following conclusions were warranted on the basis of our study. 

Starting an anaerobic system by. initially feeding it methanol to develop 

methane formers and then converting it to a specific waste was found to be 

very effective and merits further study for future applications in other an­

aerobic systems. The anaerobic filters successfully treated wastes from the 

chemical synthesis of pharmaceuticals, with an influent BOD concentration of 

2,000 mg/1. Using a 36 hour hydraulic retention time at 35°C, COD removals 

of 70 to 80% and BOD5 removals of 94% were constantly realized. In terms nf 

pounu:s uf COD removal per day, ·the anaerobic treatment system exceeded the 

efficiency of the existing aerobic treatment system by 33%. The intense color 

of the raw waste which was unaffected by the existing aerobic treatment sys­

tem was almost totally·rembved by the anaerobic system. 
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INTRODUCTION 
The present project was focused on a specific question - the applica­

bility of an anaerobic filter to the treatment of wastewater from the manu­
facture of c_ertain synthetic pharmaceutical chemicals. In particular, a com­
pari~on with the existing aerobic treatment system was made. It is only one 
of a series of studies being performed at the Civil Engineering Department at 
Syracuse University in this area, ·but it does allow direct comparison with an 
existing plant. 

LITERATURE REVIEW: 
Historically, anaerobic systems have h~en particularly effective in 

treating strong oraan1c Wd~Lt!S. Young and Mcr.nrt.hy (l) described a number of 
advantages of anaerobic filtration of alternate biological treatment proces­
ses: l) ideal suitability for treatment of s.oluble organicwastes low in sus­
pended solids; 2) simplistic operation with no solids or effluent recycle; 
3) maintenance of high concentrations of active biological solids, permitting 
treatment of dilute wastewaters even at normal tempet'ature; 4) production of 
relatively low volume of sludge in contrast to ·aerobic biological processes; 
and 5) capability of handling intermittent waste discharges, shock organic 

I . 

. and shock hydraulic loading. Their work also concluded that the filter 
compared favorably with existing biological treatment schemes and efficiently 
treated soluble organic waste. Since this work, filters have been studied re­
peatedly on a wide variety of wastes, almusl all of them succPssfully. Prob­
ably the most per·tinent ·to thi::; ~tudy is the work of Jennett and Dennis (2) in 
the early 197o•s who applied a fermentation pharmaceutical waste to an anaero­
bic filter and consistently produced between 93.7 and 97.8% COD reductions at 
loading varying from 0.221 to 3.52 kg COD/day/Cu m. Even though the 
waste was composed of 95% methanol, an easily degradable substance in the 
anaerobic environment, the study nevertheless illustrated sever·al features of 
the filter. They were shown tu be capable of producing very high COD reduc­
tions and withstanding sharp increa~es of orydr1ic loadings with rPlative ease. 
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Few spent solids were lost in the effluent and the presence of stray pharma­

ceuticals did not harm the system. 
EXPERIMENTAL PROCEDURES 

Anaerobic Filters -Six laboratory filters (Figure 1) were constructed 
of clear acrylic tu~ing: 48 in. (121.9 em) high, 5.5 in. (14-cm) in inside 
diameter (ID) and a wall thickness of 0.25 in. (0.635 em). The total volume 
of the empty cylinder was 0.667 cu. ft. (18.69 1). The base of the column 
was constructed so that the waste would be distributed uniformly across the 
bottom of the filter (Figure 1). 

Each filter was filled with stone to produce consistent void ratios from 
model to model (4). The size of the stone used passed a sie~e with 1.5 in. 
(3.84 em) openings and was retained on a sieve with 1.0 in. _(2.54 em) openings. 
The stone was washed and then placed in the column. Large voids were avoided 
by placing the stone in layers and gently shaking the filter after each layer. 
The average void volume of the six filters was found to be 0.28 cu. ft. 
(8.04 1). The average void ratio was computed to be 0.43. Sample ports were 
placed at 6 in. (15.24 em) intervals throughout the column height with ad­
ditional ports 3 in. (7.62-cm) from the top and base of the filter. The sam­
ple ports extended to the center of the column so that a more representative 
sample of the filter contents could be contained. Three dispersion rings made 
of 0.5 in. (1.27 em) thick acrylic were evenly spaced through the height of 
the filter to prevent short circuiting of the waste through the void spaces 
formed at the stone-column boundary. The filter effluents were passedthrough 
I'T 11 -fitting and an inverted siphon to separate the gas from the liquid ef­
fluent. They were housed in a walk-in inr.11hntor at 35°C. Feed solutions 
were kept outside the chamber at approximately l9°C to reduce excessive bi­
ological growths. 

Analytical Measurements -All analytical measurements were done in ac­
cordance with the 14th edition of Standard Methods (3), except for the 11 V01a­
tile acids 11 test (4). Laborator·y analyses were conducted on samples with­
drawn from the various levels of the filters to determine~ COD, pH, total 
alkalinity, total, volatile, suspended and dissolved solids, volatile acids, 
sulfates and sulfides. Total gas production was measured daily by reading a 
volumetrically calibrated bottle containing an acidified salt solution (5). 

Volatile acids were determined by the method described hy Dilallo and 
Albertson (4). This method may have caused a problem in determining low 
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volatile acid concentrations. Effluent volatile acid concentrations were 
produced in small quantities, as would be expec~ed, when compared to the 
column influent. The small quantities that did appear in the column may not 
have been volatile acids at all. These values may represent the quantity of 
base alkalinity measured by the particular test used. The Dilallo and 
Albertson method was developed originally for anaerobic digesters treating 
sewage solids. The authors recognized the interference of the phosphate ion 
in their test. What appears as the lbw volatile acids concentrations may 
actually be mono- and dibasic phosphates used as 'nutrient supplements in the 
waste feed makeup. Therefore, in this investigation-volatile acid concen~ 
trations were used to form a trend and not to define exact amounts. 

Waste Description - This organic chemically synthesized pharmaceutical 
waste was selected primarily because it satisfied the prerequisites for treat­
ment with the anaerobic filter by having a relat1vely tt1gh COD and low sus­
pended solids. The wastewater employed in this study originated from a 
synthesized organic chemical manufacturing piant and was collected by grab 
sampling. The samples were immediately taken back -to the Syracuse University 
Environmental Research Laboratory and stored in a walk-in cooler, which was 
maintained at 4°C to inhibit biological activity. 

Prior to any experimentation, a laboratory analysis was performed to de­
termine the general character of the waste and to establish a required pre­
treatment scheme. The analysis indicated that the wn~Le was e.ithcr nitrogen 
or phosphorus limited or both (See Table 1). 

To provide sufficient nutrients for unhindered anaerobic growth, nitrogen 
and phosphorus were ad dell when needed to feed sol11ti ons as they were prepared. 
The C:N:P ratio was used 150:15:1, wltich was the minimum vo.ltJP. reported in th~ 
literature (9) that wuuld support unhindered anRP.robic growth. 

It r.an be seen (Table 1) that the pH of this waste was low, COD was high, 
su~pended solids were low and dissolved solids were high. Most paraMeters 
varied from sample io sample. The BODs values indicated the possibility .of 
toxicity. With increasing dilution, there was increasing BODs (6, 7, 9). · 

Starting_ the __ .f_ilter- As soon as the filters reached a 11 Steady-state 11 

condition (continuous COD reductions within a range of 2:_10 percent), they 
were acclimated to the pharmaceutical waste by gradually replacing a portion 
of the methanol organic load with pharmaceutical waste. By the end of week 
30, all filters were receiving a substrate comprised totally of pharmaceutical 
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Response for Starting Procedures - The response for starting procedures 
as indicated in Figure 2 was rapid. All six reactors operating initially on 
2000mg/l of methanol as COD with the addition of trace nutrients, at a feed 
rate of 5.28 1/day, produced stable gas production, COD removal and effluent 
volatile acid levels by approximately the seventh week. Filter 4 did not re­
cover as fast as the others as shown in Figure 2. To improve gas production, 
the effluent from filter 6 was introduced into the influent· of filter 4. Fol­
lowing this action, gas production improved substantially. ·The probable rea­
son for the increase in gas production was the reintroduction of active micro­
bial cell mass lost from filter 6. At th.is time (week 7) the conversion from 
methanol to pharmaceutical waste was started with appropriate amounts of 
nitrogen and phosphorus added as needed. The drop in gas production and the 
increase in effluent volatile acid (Figure 3) and COD concentrations corre­
sponded approximately to the period ofconversion for the specific stage in 
the experiment. 

Response to Change in Methanol and Pharmaceutical Waste - Figures 2 
through 5 graphically depict performance throughout the period of investigat­
ion. The percentages of methanol and waste are shown across the top of each 
graph. The hydraulic retention time as described in Table 2 was kept constant 0 

at 36 hr. During the first 27 weeks· of operation, all filters were fed vary-
ing amounts of methanol and waste to try to determine the threshold level of 
toxicity. Examination of the figures reveals a trend to increasing treatment 
efficiency with increasing percentages of pharmaceuticdl waste. 

The filter response to loading changes as fndicated by gas production 
and effluent.COD is illustrated in Figure 2. Gas measurements were recorded 
in terms of standard temperature and pressure (STP). Measurements were taken 
daily, and the data plotted represented weekly averages of these daily read~ 
ings. For the organic loadings at 34.9 lb. COD/1000 cu. ft./day (0.56 kg 
COD/cu m/day) ch~ng~s were characterized by slight drops in gas production 
with corresponding i'ncreases in effluent COD concentrations .. · By the next 
week, these parameters were back to 11 Steady...,state 11 levels. For the organic 
loadings at 104.6 lb. COD/1000 cu. ft./day (1.67 kg COD/cum/day) changes . 
were characterized by drastic decreases in gas production with corresponding­

ly large increases in effluent COD concentration. This organic loading was 
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monitored until the termination of the investigatiqn, when the filter perfor­
mance was judged to be impaired. 

The effluent COD concentrations in Figure 2 shows that immediately. fol­
lowing a waste composition change the effluent COD concentration. increased 
while gas production decreased for a period of time then returned to "steady-

/ 

st9-te" levels. The increases in effluent COD (concentrations appeared to be 
affected by changes in influent substrate composition in combination with line 
plugging. Figure 3 indicated that effluent volatile acid fluctuation followed 
'11/ery closely the pattern set by effluent COD concentrations. 

Effluent suspended solids for all filters were usually below 50 mg/1 .as 
shown in Figure 4. The two major factors that affected solids luss appeared 
to be abrupt opening of the influent fittings after being clogged, ·and changes 
in the percentag~s of methanol and wastes. 

Effluent Quality- The effluent was normally a pale yellow colored li­
quid except in times of upset and solids washout, when itappeared to be gray..: 
ish in color. When filters 1 and 2 were fed waste at a concentration of 
6000 mg/1 COD, the effluent seemed to have a reddish-brown tint. Throughout 
the project, a disagreeable color was produced which was attributed to the 
reduction of sulfates present in the waste or dilution water. 

As can be seen from Figure 6, the main convers·iull of sulfates to sulficles 
took place within the first six in. (2.36 em) of the filter. Material bal­
ance requires that the total sulfur in the column ITIIJ!lL be constant; that· ic;, 

the molar concentratio~ of sulfate plus sulf1de must be independent of height 
in the column (except fo~ presumably negligible amounts of other sulfur com-
pounds). In Figure 6, th~r1 Llle g1·oph of.S04= ~versus column height 

3 + s- . 

theoretically should be a horizontal line. To the contrary, it was found 
that there was a deviation in a downward direction from the horizontal. 
Therefor~:, approximately 100 mg/1 of sulfur had to be accounted .for ·ill the 
effluent. The effluent was tested for concentrations of sulfites (3). IL 
was found that there were only 15 mg/1 as so-3. The most probable explana­

tions of these phenomena was that sulfides or sulfates or both were pre­
cipitated by some component or components of the waste stream, possiuly in­
cluding heavy metal cations, but more likely calcium and magnesium. 

COD removal efficiences ranged from 94% during the 100% methanol acclima­
tion period to a constant 70% to 80% reduction when fed 100% waste at 
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2000 mg/1 COD. Once influent waste concentrations in filters 1 and 2 were 
increas~d to 6000 mg/1 COD, gas production decreased rapidly and only an 18% 
COD reduction was observed. 

Biological Solids - Observations of the physical characteristics of the 
solids within the filters indicated that these solids are primarily attached 
to the surfaces of the filter medium, but may also lie loosely in the void 
spaces. The solids appeared to be densely flocculated and were not easily 
disturbed by rising substrate or gas bubbles. Solids concentrations were 
highest in the lower levels of the columns. 

"Steady-State" Operation - Theoretically, "steady-state" conditions im­
ply that for a constant influent waste strength and loading, the effluent 

COD as well as the concentration of any individual operational parameters at 
any point in the filter remain constant for an indefinite period of time. 
Young's (10) investigation with the anaerobic filter concluded that "steady­
state" conditions in the strictest sense of the word are probably never at­
tained because of the continual state of fluctuation within the system. For 
this study, "steady-state" conditions were assumed to exist when relatively 
stable COD reductions were produced in a range of~ 10% of the previous 
week's values. At 100% methanol COD reductions were averaging 94%. When 
being acclimated to the pharamaceutical waste, gas production decreased and 

·effluent COD increased until with 100% waste at 2000 mg/1 COD, constant COD 
reduction ranging from 70% to 80% were attained. 

As seen in Figure 5, influent and effluent alkalinity pH loads were re­
latively constant throughout the study. It would appear that the columns had 
a damping effect on variation in influent pH and variations in it. Two units 
did not affect operations. 

Existing Treatment vs. Anaerobic Treatment - The waste used in this study 
is currently treated by first putting it into an equalization basin with a 
retention time that is highly variable, but it essentially.serves as a hold­
·illy basin for the entire waste flow of the plant. From this basin waste goes 
to an aerated lagoon where it is held for eight days. Influent to this lag­
oon is approximately 6000 mg/1 as COD. This influent concentration is main­
tained by mixing solution water from the plant with it.· From this aeration 
basin, the effluent goes to a third holding basin for the final several days 
of sedimentation and release. At this point the effluent contains approxi­
mately 1000 mg/1 COD. The effluent is a dark "tea" color and is released to 

. :~ ~: 

·~ ' 
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the receiving stream after mixing with a sufficient quantity of water to 
dilute it to levels acceptable by the 'state of New York. By computing the 
value of COD removed, one finds S,213 lb. COD/mg/day are removed 
(8.96xl0-6 kg COD/cu. m/day). The anaerobic filter utilized in this study 
had a 1 .S day retention time with a COD influent concentration of 2000 mg/1. 
The effluent from this treatment contains approximately 600 mg/1 COD. Cor­
respondingly, the anaerobic filter removed 7,784 lb. COD/mg/day 
(1.34xl0-S kg COD/cu. m/day) and required only 20% of the hydraulic retention 
time. Theanaerobic filter was therefore 33% more efficient than the existing 
treatment. sc:heme. Furthermore, the an·aerobi c filter effluent was v1 rtua lly 
colorless surpassing existing treatment systems in color remova·l. 

Summary of Filter Performance- In summary,·the anaerobic filter would 
be very useful as a pretreatment device for the treatment of a chemically 
synthes·ized pharmaceutical waste. For an organic loading of 34.9 lb COD/1000 
cu. ft./day (O.S6 kg CUD/cu. m./day) aL a waste strength of ?000 mg/1 
"steady-state" COD removals ranged from 70 to 80% and BODs removals 94%. At 
104.6 lb. COD/1000 cu. ft./day (1.67 kg COD/cu. m./day) at a waste strength 
of 6000 mg/1 COD removals averaged 18% probably due to the short acclimation 
periorl t.n a very strong, possibly, toxic waste. However, possibly the most 
significant factor when comparing 'the anaerobic fi 1 ter to other processes is 
the fact that low cel·lular synthesis rates and long solids retention times 
enahle it to treat waste efficiently without the need for solids recycle or 
solids wasting. 

Conclusions - The anaerobic f.ilter successfully treated the pharmaceuti­
cal waste at an influent COD concentratiou of 2000 mg/1 when operated at 
3S°C utilizing a 36 hour hydraulic retention time, while producing constant 
COD removal efficiencJes of 70 lu.80% and BOD5 removals nf 94%. 

The anaerobic filter exceeded the existing treatment scheme by 33% in 
terms of lb. COO/MG/day 1·emoved, arid also greatly reduced the effluent color. 

The anaerobic filter could not withstand a three-fold concentration in­
crease as a shock loading as evidenced by 18% COD and 2S% BODs-reductions, 
while feeding an influent COD concentration of 6000 mg/1 at a 36 hour hy­

draulic retention time. 
Anaerobic systems seem to be good for almost everything. Research re­

peatedly shows that they are not highly sensitive to either waste strength 
or the exist;ing physical conditions .. Rumors of their sensit.ivity fly in the 

( 
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face of the evidence of we-ll-run plants such as the city of Chicago's which 
has never had an upset digester in 50 years. The system itself is energy 

sufficient.- Once it is started, it can be left out of operation for months 
at a time and then gotten back on the line in a few weeks. As this study 
shows, it can beat an aerobic system in a side-by-side comparison. The system 
appears to be good for almost every practical use. 

The question then must be asked - Why are anaerobic systems not used 
today, except as an interesting laboratory study or an occasional treatment 
system put up by daring industry? 
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.TABLE 1: PHYSICAL AND CHEMICAL CHARACTERISTICS 
OF THE PHARMACEUTICAL WASTE 

PARAMETER 

pH 
COD (mgll) 
Total Solids (mgll) 
Total Volatile Solids (mgll) 
Total Suspended Solids (mgll) 
Total Dissolved Volatile Solids (mgll) 
Alkalinity (mgll as CaC03) 
Nitrogen (mg/1) 

Ammonia 
Organic 

Phosphorus (mgll) 
Total 

Sulfates (mg/1) 
Acidity to pH 8.3 {mgll as C~C03) 
BOD5 (Neutralized to pH 7) (mgll) 

*D.F. 
300,000 
100,000 
30,000 
10,000 
6,000 

Sample 1 
300,000 
40,000 
37,000 
33,000 
31 ,000 

SAMPLE 1 

1.5 
70,700 
42,120 
24,610 

124 
24,510 

o-

996 
1 ,021 

0.2 
1,430 

51,250 

Sample 2 
150,000 
60,000 
46,500 
45,700 

., 

*D.F. = Dil~tion Factor - volume ~~Osample x 100 

SAMPLE 2 

1.6 
87,800 
28,218 
15,310 .. 

125 
15,240 

0 

184 
440 

< 0.1 
3,520 

53,860 

TABLE 2: ORGANIC LOADINGS CORRESPONDING TO VARIOUS WASTE STRENGTHS 
AND HYDRAULIC FLOW RATE USED IN THE EXPERIMENTAL STUDY 

·--
HYDRAULIC FLOW RATE WASTE STRENGTH 

(mgll COD ~ 

Detention L itersl Lit~rsl Gal~onsl 2000 6000 
Time Fi lterl ft I ft I 
(hrs)(a) Day Day (b) Day 

',. ORGANIC LOAD 
(lb. CODilOOO ft31Day) 

36 . 5.28 32.00 8.45 34.9 
. ·. 

(a) Based on 0.28 cu. ft. (8.04 1 iters) initial void volume·· 
{b) Based on cross-sectional area of filter 0.165 ft2 (0.01~ m2) 
(c) 0.016 x lb CODilOOO ft31Day = kglcu miDay · 

.I 

(c) 

104.6 
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ABSTRACT 

The treatment of high strength wastewaters by fixed film anaerobic 
systems is dependent upon a complex series of reactions and interactions. 
This presentation will describe (1) the anaerobic rotating biological con­
tactor (AnRBC), a new reactor configuration that can be used to convenient­
ly separate some metabolic activities for research purposes and (2) some 
preliminary and unexpected observations obtained from pilot anaerobic filters 
treating tannery wastewaters. 

AnRBC stage data obtained with high strength carbonaceous wastewaters 
(2900 to 8100 mg/1 COD) under a variety of loading conditions (nominal hy­
draulic detention times ranging from 2.2 to 17.5 hours) will be presented to 
indicate how the AnRBG can be used to evaluate phase separation effects on 
treatment, gas production, gas composition, etc. These studies conclusively 
show that the majority of.the microorganisms in the AnRBC reactor are f{xed 
to rotating surfaces and hence organic removal is clearly a function of avail­
able surface area and loading conditions for the treatment of these high 
strength wastewaters. 

On the contrary, preliminary data obtained with anaerobic filters con­
structed with defined media treating beam house wastewaters from a tannery 
(COD~ 3000 mg/1) indicate maximum COD removals of 40 to 50% for this highly 
proteinaceous wastewater with a 24 hour contact time regardless of' the surface 
area available. However, deamination and protein degradation routinely ex­
ceeded 60 percent. Af'ter six months of operation the columns plugged. While 
systems modification with a strong recycle stream appears to have eliminated 
the plugging problem, COD removal has not improved •. Gas production, COD re­
moval, nitrogen conversion and sulfide ·data will be presented for several 
loading conditions. Preliminary findings also indicate that the anaerobic 
filter effluent is much more amenable to aerobic polishing treatment than the 
raw beamhouse wastewater. 
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INTRODUCTION 

Anaerobic systems a~e currently receiving a great deal of attention for 

the treatment of a wide variety of wastewaters. Freed.om from oxygen transfer 

rate 1 imitations and the potential for energy recovery make anaerobic proces­

ses particularly attractive for the treatment of high strength wastewaters as 

a result of rapidly escalating energy and capital costs. Decades of empirical 

design and abusive operation of traditional anaerobic sludge treatment proces~ 

ses have resulted in a legacy of myths concerning the difficulties associated 

~,o1ith these processes. However, research efforts during the past fifteen years 

ore er-::1dicating these myths at an acceleratl.ny rate. The know·ledge ·and under-
' standing obtained from this·ongoing research Is 1apidly being applied to the 

development of innovative anaerobic processes that show great promise for cost 
\ 

effective wastewater treatment. 

Several innova~ive variations of anaerobic fixed fil~ (AnFF) processes 

have been and are currently being appl led to a wide variety of wastewaters. 

Development of high concentrat~ons of fix~d biomass in the reactor permits 

the use of relatively short hydraulic detention times for the treatment of 

high strength wastewaters. This results both in a reduction of energy loss 

through reactor walls and in a reduction of rc~ctor capital cost relative to 

traditional suspended culture systems. Another advantage of AnFF processes 

appears to be their resist~ncc to short term toxic slugs entering the system. 

However, much remains to ue lc~rned hP.fore anaerobic fixed film proces
1
ses t.an 
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/. 
enjoy the popularity of conventional energy intensive aerobic processes with 

wastewater treatment plant designers. 

The primary purpose of this paper is to present research results indicat­

ing that the potential for anaerobic fixed film wastewater treatment is waste 

specific. Secondary purposes include the description of several phenomena of 

importance to the development of predictive design equations and the introd~c­

tion of the anaerobic rotating biological contactor (AnRBC) as a promising 

new variation of AnFF reactors. 

REACTOR SYSTEMS 

Two different types of anaerobic fixed film reactor systems were used 

with two wastewaters having widely differing characteristics. An easily de-. 

gradeable carbohydrate wastewater containing ample known required nutrients 

was used to evaluate the AnRBC process while two anaerobic filters (AF) con­

structed with carefully defined media were used to treat a highly proteinaceous 

wastewater. It should be emphasized at this point, that the following data 

should not, and indeed cannot, be used to compare the merits of the two reac­

tor sys terns. 

AnRBC Reactor System 

Conceptually the AnRBC is similar to conventional aerobic rotating bio­

logical contactors in that microorganisms become attached to and grow on ro­

tating discs that are partially submerged in the wastewater as shown schemat­

ically in Figure 1. Groups of discs, separated into sequential compartments 

called stagec;, are partially immersed in the wastewater and rotated contin­

uously both to provide mixing within each stage and to facilitate product gas 

transfer to the anoxic atmosphere maintained above the water surface. Adja­

cent stages are separated by baffles to minimize short-circuiting. The flow 

is passed from stage to stage through holes in the baffles below the water-

1 ine. 

However, unlike conventional RBC units, lhe AnRBC is enclosed in an air­

tight housing with an anoxic atmosphere maintained above the liquid. Also, 

the depth of disc submergence is substantially greater than in conventional 

aerobic u~i.ts. Microorganism attachment to the rotating surfaces provides 

long mean cell retention times in the reactor, which in tur'n encourages the 

development of the slow growing metha.nogenic bacteria responsible for the con-

·>:. 
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version of low molecular weight compounds to methane. Sloughed excess biomass 

is carried from stage to stage through openings in the baffles a~d leaves the 

reactor in the effluent. Conceptually, the AnRBC process couples the advan­

tages of the short hydraulic detention times typical for the fixed film hori­

zontal flow RBC process with the high strength, carbonaceous degradation capa­

bilities of anaerobic systems. 

Two identical four stage pilot plants with their 5;0 inch disc diameters 

about 70 percent submerged in the wastewater were constructed and operated 
\ 

under quasi-steady state conditions. Each unit contained about 10.9 square 

feet of disc surface area which resulted in a nominal surface to volume ratio 

of about 41.2 FL 2/Ft 3 (1)4.5 m:l/m~). The wa5tew.:'!ter 11sed tO evaluate Llli~ 

process contained dissolved sucrose as the only carbon source. Dissolved 

inorganic ammonium silts served as the sole nitrogen source in order to avoid 

nitrate reduction reactions in this series of experiments. The AnRBC data 

presented below resulted from a series of experiments with eight combinations 

of influent substrate concentration and flow rate. Construction details, re­

actor start-up, analytical procedures and operational details have been pre­

sented elsewhere (1, 2). 

AF Reactor System 

Two six-inch J.D. anaerobic upflow filters were constructed of clear 

aery! ic plastic as shown in Figure L.. I he biomass !:.UIJIJUi"t media, Norton 

Company 1 s 11Actifil Plastic l::lio-ring-25 11 were randomly packd .:Jnd separated 

into six-inch lifts by divider plate~. The nominal clean surface to volume 

ratio was about 56.8 Ft 2 /Ft 3 (186 m2 /m 3
). Sampling ports and media access 

hatches were located so that data characterizing each lift .could be obtained. 

It ~~a::; hoped th•t operi'ltin!J clnt~ obtained as a function of mid-lift elevations 

could be used to develop a descriptive anaerobic filter model based on areal 

rP.i'lc.tion rates similar to the model proposed by Schroeder (3). 
A constant influent feed rate of about 18 1/day provided a nominal clean 

bed hydraulic detention time of 24 hours. The filters plugged after six 

months of operation. A recycle system (QR/Q 1 =, 450) was then added, as shown 

in Figure 2. This high recycle ratio was designed to maintain a bulk upfluw 

velocity of about one foot per minute in order to prevent plugging caused by 

inorganic precipitates formed in the reactor bed. 

Experiments on pretreated tannery beamhouse wastewaters were conducted 
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with the ana.erobic filters. The goals of this ongiong research project are 
to evaluate the effectiveness both of anaerobic treatment alone and anaerobic 

treatment followed by aerobic treatment (rotating biological contactors) as 

possible means for improving upon the existing cost and energy intensive 

aerobic wastewater treatment systems used by the tanning industry. Pretreat­

ment consisted of neutralization and sedimentation of raw beamhouse waste­

water, followed by dilution with tap water to obtain desired influent COD 

values. The resulting AF influent can be described as a highly proteinaceous 

poorly degradeable waste having ·the characteristics shown in Table 1. In 
\._. 

addition, this wastewater is saturated with calcium. 

RESULTS AND OBSERVATIONS 

The AnRBC data presented below were obtained from a recently completed 

study designed to evaluate the concept and potential of a rotating fixed film 

anaerobic reactor. By contrast, the AF data and observations presented below 

represent only preliminary results obtained from a currently ongoing study 

designed to eval~ate the application of anaerobic processes to the treatment 

of tannery wastewaters. 

AnRBC Treatment Of A High Carbohydrate Wastewater 

Both AnRBC reactors were operated for a period of 218 days until an 

0-ring seal failed and reactor fluids began leaking from a bearing. Experi­

mentation was discontinued and both re1jtors were dismantled for inspection. 

Microbial sol ids were observed to coat all disc surfaces and decreased in 

thickness from the first through thP. fourth stages; with only a Lhi11 film 

layer present on the fourth stage discs. 

Although the data presented in Figures 3-7 have been connected with a 

series of straight lines for emphasis, it should be noted that each stage is 

acting as an independent complete-mix reactor and that there are hydraulic 

and reaction discor1ttnulties between adjacent stages. Total organic carbon 

(TOC) was the primary parameter used to evaluate the AnRBC process.. Tests 

with this wastewater indicate BOD
5

/TOC and COD/TOC ratios of 1.72 and 2.79 

res pe c t i v e 1 y . 

Figure 3 illustrates the volatile acids alkalinity {VAA) genera~ed in the 

first stage was accompanied by minor depressions nf pH and c~rbonate dlkallnity. 

About 80% of the TOC removal occured in the.first stage.: Both TOC and VAA 
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were further reduced in succeeding stages while the pH and alkalinity in­

creased in the downstream direction. Note that the fourth stage did not 

contribute to TOC removal for this loading condition a·nd apparently the hy­

draulic residence time in the reactor could have been reduced from 17.5 to 

about· 13 hours with no loss in soluble TOC removal performance. 

The results from Experiment 6,-shown in Figure 4, are similar even though 

the organic loading rate has been increased by a factor of four and the re­

actor hydraulic detention time reduced to one-half that of Experiment I con­

ditions. For this loading situation, the first stage removed about one-half 

the influent TOC. However, volatile acid production was- more significant In 

the first stage. Note also that the fourth stage TOC and VAA concentr~tfons 

were significantly higher, and that the overal I soluble TOC removal was re­

duced from the 96% found in Experiment I to about 79% in Experiment 6. It 

is probable that additional ~iages woufd have resulted in more complete TOC 

remova I. 

Figure 5 i llystrates the effects of a high loading rate and short h~drau-

1 ic detention time on system performance. The organic loading rate in Experi­

ment 4 was increased by a factor of about .8.5 compared to Experiment I, with 

the hydraulic_detention time being reduced to one-eighth that of the oriyinal 

conditions. The sharp drop in pH and alkalinity along with the high pruJuLlion 

nf VAA suggests that acid fermentation occurred at a rate that overwhelmed the 

slower growing methanogenlc boclet·ia in the system. Only 46% of the. soluble 

TOC was removed under these 1 oad i ng tond it ions. The increase In VAA in the 

fourth stage may suggest that the fermentation process was inhibited by high 

concentrations of soluble subsltdle in the first three stages. 

When the data from these experiments.are arrayed as shown in Figures 5 

and 6, the effeLL~ uf influent feed cpnc~ntratinn (~ 1 ) and flow rate (Q) on 

performance can be observed. Figure 6 shows that increasing the flow rate 

(reducing the hydraulic detention time (8))for constant C. conditions results 
I 

in higher TOC concentrations at most points within the reactor. Under rela-

tively low mass loading conditions (Experiments I and 2), effluents contained 

relatively low volatile acid concentrations. At the higher mass loading rates 

(Experiments 3 and 4), the effluents contained relatively high effluent vola­

tile acid concentrations. Thus, an increase in the influent flow rate has the 

apparent effect of moving methane fermentation downstream in the reactor. Al­

ternately, these data suggest that there might be a critical reactor hydraulic 



101 

detention time required to sustain effective methane fermentation. Based on 

these data, it appears that this critical time period is between 4.4 and 8.8 

hours. Of special interest is the fact that the fi·rst stage substrate removal 

rates shown in Figures 6 and 7 are substantially higher than those reported 

for conventional aerobic RBC systems. 

The data shown in Figure 7 can be used to ·compare TOC removal as a func­

tion of influent substrate concentration for constant flow rate conditions. 

As expected, it can be seen that the system requires more stages (area) to 

achieve a specific residual organic effluent concentration with increasing 

Ci values. Again, the first stage organic removal rates are substantially 

higher than those reported for conventional RBC treatment. 

Mass loading and removal data are shown in Figure 8. Up ~o a loading of 

about 22 g TOC per day (21 .7 g TOC per m2 -day), soluble TOC removal appears to 

be independent of either influent concentration or flow rate. Although a 

smooth c~rve could be passed through all the data points, a sharp discontinuity 

in soluble TOC removal exists near this 1 imiting mass loading and it is evi­

dent that both additional increments of TOC removal and the .overall percent 

removal are highly dependent on loading conditions. 

Due to the smal 1 flow rates, gas production was difficult to monitor 

with the available equipment. However, as shown by the dashed line in Figure 

9, a good 1 inear correlation exists between soluble TOC removal and total gas 

production. When data fran Experiments 4 and 8 are omitted because high VAA 

effluent concentrations indicate incomplete reactions, an even better corre­

lation exists (solid line). Hence, total gas production can be conservatively 

estimated as 1.76 m3/kg TOC removed. Melhane and carbon dioxide were present 

in about even quantities for Experiments 1, 2, 5, and 7. The carbon dioxide 

content increased from 54% in Experiments 3 and 6, to about 60% in Experiments 

4 and 8. These, along with the VAA, pH and TOC data, provide evidence that 

methanogenic activity was unable to proceed to completion under the higher 

loading conditions. 

Models for the prediction of efFluent sol ids production, substrate re­

moval and energy yield have been developed and presented elsewhere (1' 2). 

The solid 1 ines in Figures 10 and 11 indicate the abi 1 ity of two empirically 

developed models to describe the AnRBC performance. The data scatter is 

surprisingly small r.nnsirlering that rebtivcly simple metl1oJ!:> dre being used 

to describe the results of a complex series ·of anaerobic reactions which were 

I .· 
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only partially complete for some of the loading conditions employed. Of 

course, the empirically determined constants used in these models are only 

valid for the experimental conditions employed. Additional studies will be 

required to develop fundamental relationships between these constants and 

substrate type, disc diameter, disc rotational speed, immersion depth, etc., 

before the full potential for AnRBC treatment can be evaluated. 

AF Treatment of a High Strength Proteinaceous Wastewater: 

Pr::~ ... ! .. i~i nary Observations 

The upflow anaerobic filters (AF) shown schematically ir Figure 2 were 

operated both in recycle and non-recyc1e modes, with a clean bed hydraulic 

detention time of about 24 hours. The internal reactor temperatures were 

maintained at 35~ 1°C with the exception indicated below. 

Non-Recycle Operation 

The filters were initially operated in a non-recycle mode with changes 

of soluble COD across the reactors and suspended sol ids concentrations within 

the reactors serving as the primary monitoring parameters. Start-up con~isted 

of recycling anaerobic seed sludges obtdined from another project along with 

increasing increments of tannery wastewate~ through the filters tor about 

four weeks until sol ids attachment to the media was observed. The filters 

were operated in a non-recycle mode ror Llle next six months. /\bout two months 

were required to obtain quasi-steady .state effluent data. However, since data 

obtained from several points within each filter indicated a continual increase 

in suspended sol ids with depth, operdlicm was continued with hopes of achiev­

ing steady state operating conditions with respect to solids within each 

reactor. Unfortunately, the fillers failed due to plugging with acc.••m•Jlated 

solids near the influent. Table 1 indicates the average influent and effluent 

parameter values measured during the six month operating period. Soluble COD 

and soluble BODS removals across the filters averaged 32 and 5 percent respec­

tively. Of special note was the substantial' decrease in soluble protein 

across the column (79%). This rapid degradation of protein is also indicated 

by the change in reduced nitrogen forms across the filter. 

The sol ids data presented in_ Table 1 suggest that inorganic sol ids in 

the influent represent one source for the sol ids that eventually led to a 

plugged filter. It is also possible that calcium precipitates formed in 
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the reactor and settled to the bottom eventually resulting in the plugging 

condition. Suspended sol ids data, obtained at the time of plugging, and 

shown in Table 2, indicate that solids had primarily accumulated and concen-, 

trated in the bottom six-inch lift of the filters. Of special interest is 

the change in the ratio of organic to inorganic sol ids as a function of filter 

height. Apparently, many of the-denser inorganic sol ids could not be trans­

ported upward and out of the filter, d~e to the low bulk velocity through the 

reactor when operating in the non-recycle mode. 

Recycle Operatic~ 

Following failure due to plugging, the filters were operated in ari upflow 

recycle mode as shown in Figure 2. A recycle ratio (Q /Q. ) of 450 was selec­
r 1 n 

ted to maintain a nominal bulk upflow velocity of about one foot per minute 

in the hope of being able to transport the heavier suspended solid's upward 

and out of the reactors. Since the media had already been coated with bio­

mass, less than a month was required to achieve quasi-steady state operation, 

as indicated by gas production, COD stabilization and sol ids data. 

Table 3 presents the average of data obtained over two consecutive days, 

following a month's operation under quasi-steady state conditions. Total and 

soluble COD stabilization averaged about 32 and 26 percent respectively, while 

soluble BOD 5 and soluble BOD30 removals averaged about 13 and 39 percent re­

spectively. Solids accumulation and destruction in the reactor appeared to 

be constant during the month's evaluation period. In addition, average total 

COD removals and influent sol ids concentrations were substantially higher 

than soluble COD rP.mnvals and effluent sol iJ~ concentrations. Based on these 

observations, it is apparent that substantial sol ids destruction was occurring 

in the AF. As with th~ non-recycle mode, substanti~l protein degradation was 

occurring, as indicated by both the protein data and the substantial increase 

in NH 3-N across the filter. The sulfide increase across the reactor is 

primarily attributable to sulfate reduction, although some sulfides may have 

been generated as a result of the breakdown of organic compounds and there­

lease of organic sulfur. 

At the completion of this portion .of the study, the filters were 

drained and several media rings wer·e carefully removed from different locations 

and examined. The media were toally r.nated with ~olids. Despite the very 

high recycle ratio employed, the sol ids coatings decreased in mass with in-

·.,). 
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creasing elevation in the filters as shown in Table 4. The volatile suspen­

ded sol ids fraction was surprisingly low and relatively constant throughout 

both filters. 

Soluble COD data· taken at different points in the filters suggested onl.y 

minor changes in soluble COD within the reactors. If future tests substan­

tiate these COD measurements, filters operating at high recycle rates might 

best·be described as comple.tely mixed, fixed film reactors. 

Total COD removal for the pretreated tannery wastewater in the AF ap­

pears to be a linear function of the mass of COD applied over the loading 

range invP.~tigated to date. As shown in Figure 12, removal averaged about 

35" percent for a wide range of loading conditions IJI"ior to the system tailure 

described below. 

The slow biodegradeabil ity of this wastewater under the aerobic conditions 

of the BOD test is illustrated by the· curves in Figure 13 .. Each data point 

represents the average of four repiicate llled~Uit::li'i~lit~. B~!;ed on thPc;P. lonQ 

term BOD tests, it appears that the biodegradation reactions are not nearing 

completion at 30 days. However, it appears from this figure that the AF 

effluent is much more rapidly degraded than the filter influent stream. Ob­

viously BOD 5 is an improper parameter for evaluating this proce~s or the 

efficiency of its treatment by the AF process. 

A comparison between the ~erobic treatabi 1 ity of pre-treated be~mhouse 

wastewaters and the AF effluents under nearly e4ual COD lo~ding conditions ir1 

a bench scale rotating biological contactor (RBC) yielded nearly equal suluble 

COD removal patterns, as shown in Figure 14. The effluent quality did not im­

prove substantially in terms ot soluble COD r~noval when the disc ~rP.~ and hy­

draulic detention times were doubled for both wastewaters. Despite a 20 hour 

RBC detention time, this.ds apparently insuffi·cient to alter the refractory 

materials contained in either waste stream. This is surprising, since nearly 

equal treatment was o~tained with both wastP.waters. Presumably the more 

biodegradeable organic fraction should have been removed in the columns, 

leaving difficult to treat refractory materials for the following aerobic 

process. However, the combination of AF-RBC process removed substantially 

more COD than could be removed by the RBC process alone. Apparently the 

anaerobic process resulted in the conversion of some difficult to degrade COD 

to a morebiodegradeable form within the filters. This suggests that fixed film 

anaerobic processes have an important role as pretreatment systems for diffi-
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cult to treat wastewaters. 

OTHER OBSERVATIONS 

Several incidents during the course of these experiments indicate the 

resistance of anaerobic fixed film reactors to presumed toxic or inhibitory 

conditions. Air was accidentally pumped through both the AnRBC and AF 

reactors for periods up to eight hours as a result of burst feed lines. Both 

reactors completely recovered within forty-eight hours. Mechanical failure 

of the controlled temperature room resulted in a temperature drop to about 

20°C for twenty four hours during the AF experiments. Gas production was 

drastically curtailed, but recovery was complete within the following twenty­

four hours. These examples illustrate the ability of anaerobic systems to 

quickly recover from temporary shocks. 

However; we have also recently seen what is thus far an unexplained fai­

lure with ihe AF process. Following the completion of the 3000 mg/1 COD 

loading experiments, the feed concentration to the anaerobic filters was in­

crementally increased to 6000 mg/1 over a two week period. Several monitoring 
J 

parameters such as pH, COD removal and gas production indicated that the fil­

ters could readily accept this increased load without adverse effects. Two 

weeks of stable operation followed, with nearly constant COD removal rates, 

pH, alkalinity and gas production. However, during the next two weeks, 

total COD removal decreased from more than 35 percent to less than 5 percent 

and total gas production dropped to near zero. The decrease in overall COD 

removal was accompanied by an accumulation of soluble COD in the reactors. 

This suggests that methane fermentation aclivity had been curtailed. However, 

neither drastic pH or alkalinity changes, the usual warning symptoms of 

anaerobic process failure, were noted during the two week failure period. 

The inhibition and/or toxicity effects on column performance could be due 

to relatively high sulfide or anmonia concentrations in the reactor, a syn­

ergystic effect between those two reported toxicants, or the absence of a 

critical nutrient. A'serics of batch reactor side experiments that may define 

the reasons for failure has been initiated. At the present time the filters 

are being reseeded with newly acclimated microorganisms. 

As a final observation, it should be emphasized that attached growth 

predominated in the AF with rP:r.ycle reactor as it did i11 Lhe AnRBC reactor. 

This implies that predictive equations based on areal removal rates will 
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probably include a specific area term as a fundamental parameter for design. 

CONCLUSIONS 

Anaerobic fixed film processes have an important emerging role in the 

treatment of high strength wastewaters. The AnRBC data suggested that simple 

high organic strength wastewaters· can be· effectively treated with short hy­

draulic detention times. At this time, there appears to be a limiting mass 

loading rate of about 22 grams TOC/m 2 /day that will result in nearly complete 

oro~nic stabilization for simple substrates. Surprisingly, simple empirical 

equations hAve been developed that can serve as predictive model~ for desigh 

until more fundamental relationships are developed. 

On the other hand, the full potential for the anaerobic fixed film treat- . 

ment of complex substrates, such as the tannery derived waslt:w.:ttel· described J 
previously, is still to be determined. Based on the preliminary findings re­

ported here, it appe~rs at this time t:ha[ diJ dJillcl·obic fi>wd film rrnc:P.ss may 

have the potential to substantially improve the treatment of these complex 

wastewaters, compared to energy intensive aerobic alternatives currently avail­

able. Much additional research and development work needs to be done in order 

to describe the advantages and disadvantages of AnFF processes before they 

can be applied to a wide variety of wastewaters. 
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TABLE 1 .. 

ANAEROBIC FILTER TREATMENT OF f10DIFIED 
BEAMHOUSE WASTEWATER - No RECYCLE 

PARAMETER INFLUENT 

SOLUBLE con1 2650 MG/L 

SOLUBLE PROTEIN2 24~0 MGIL 

SOl.liBLE 0K<;;AN I t.-N l 165 MG/L 

SOLU!lLE NHrN1 60 MGIL 

TOTAL SUSPENDED SOLIDS 490 MGIL 

VOLATILE SUSPENDED SOLIDS 270 MGIL 

SoLuBLE Bon51 610 MGIL 

PH 7.4 

J •• Based on separations ~ade with Whatman GF/C Filters 
2. Measured by Fol in reagent colormetric test 

TABLE 2. 

EFFLUENT 

1790 MGIL 

510 MGIL 

95 MGIL 

170 MG/L 

60 MGIL . 

50 MGIL 

580 MG/L 

7.1 

AF Sus~ENDED SoLIDS PROFILE AT liME OF PLUGGING, 
No REcYcLE 

DEPTH TOTAL VOLATILE 
FROM SUSPENDED SUSPENDED · PERCENT 
Bon oM SOLIDS Sou ns VObJI.Tl LE 

<INCHES) Cf1G/U <11G/U (%) 

0 GlO 400 66 
2 30,980 13,700 44 

11 230 140 61 .-
. 23 llO 90 82 

35 80 70 88 

44 70 70 95* 

* Estimated, VSS Measurement only good to ~10 MG/L 
**Both columns plugged simultaneously. Data are average for the two columns. 

r 

( 
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TABLE 3 I 

ANAE~OBIC FILTER TREATMENT OF MoDIFIED 
BEAMHOUSE WASTEWATER WITH RECYCLE z 450:1 

PARAMETER INFLUENT 

SoLuBLE coD1 2230 MGIL 

TOTAL COD 2980 MG/L 

SoLuBLE BoD5
1 470 MGIL 

SoLuBLE BoD30
1 1300'MG/L 

SOLUBLE ·PROTEIN1 2200 MGIL 

SOLUBLE 0RGANIC-N1 150 MGIL 

SoLuBLE NHrN1 50 MGIL 
TOTAL SULFIDES 50 MGIL 
ToTAL SusPENDED SoLIDsl 520 MGIL 
VoLATiLE SusPENDED SoLIDS1 430 MGIL 

PH 6.5 

I. Based on separations made with Whatman GF/C Filters. 
2. Measured by Folin reagent colormetric test. 

TABLE 4. 

An ACHED Sou DS PROFILE IN AF WITH QR/QI 

DEPTH ToTAL VOLATILE 
FROM Sus~ENDED SUSPENDED 
Bon oM SOLIDS SOLIDS 
<INCHES) (MG/FT2) (MGIFT2) 

4 18~480 4940 
21 1L610 2880 
39 9~030 2580 

Values are averages frnm both colu~n3. 

EFFL.UENT 

1660 MG/L 
2020 MGIL 

410 MGIL 

795 MGIL 
1440 MG/L 

= 450 

70 MGIL 
130 MGIL 
200 MGIL 
340 MGIL 
250 MGIL 

6.5 

PERCENT 
VOLATILE 
(%) . 

27 

24 
29 

. . 
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ANAEROBIC EXPANDED BED TREATMENT OF WASTEWATER 

M. S. Switzenbaum 
Clarkson College of Technology 

Potsdam, New York 

ABSTRACT 

'A wastewater treatment process capable of treating both dilute 

wastewaters such as domestic sewage, and more concentr~ted industrial 

wastes, such as whey, at ambient temperatures with the production of 

methane has been shown to be feasible with the anaerobic attached film 

expanded bed process. The process consists of inert sand sized particles 

packed in a cylindrical column which expand slightly with the upward flow 

of waste through the column. The inert particles act as a support surface 

for the growth of large amounts of attached microorganisms w'ithout 

developing clogging problems. The process permits the maintainance of 

high solids retention times values with low hydraulic retention time 

values. 

This paper reports on· several labor.atory investigations of the 

process involving the treatment of low strength wastes and one high 

strength waste. The low strength studies involve 1) primary settled 

domestic sewage which was used as the substrate for a kinetic feasibility 

study and 2) a synthetic substrate which was used to, define the impact of 

variation of temperature, flow rate, and organic loading rate on the 

process. The high strenqth study involves whey which wac u:Jcd to test 

the feasibility of the process for treating more concentrated wastes. An 

additional study was conducted to examine the effect of shock loadings 

(temperature and organic loading conditions) on the process and it was 

found resistant. 

The process has been found to overcome several of the problems 

.commonly associated wilh anaerobic treatment, these include: 1) treatment 

of low strength wastewaters; 2) operation of low temperatures; and 3) 

resistant to shock loadings. In addition the process has been found to be 

able to.operate at high organic loading rates and at low retention times. 
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INTRODUCTION 

In the past, broad scale rtpplication of the anaerobic fermentation 
process has been largely with the treatment of municipal sewage sludge to 
achieve waste stabilization and solids destruction. However, the anaerobic 
fermentation can be used for the treatment of soluble wastes. Over the more 
recent past new process configurations have evolved for application to both 
municipal and industrial wastewaters. The process has been limited in· its 
application because of the.slow bacterial growth rates, the extreme sensi­
tivity of organisms to taxies and environmental fluctuations, and a 
temperature requirement of 35°C for efficient operation. 

Numerous studies have attempted to apply some variation of the anaerobic 
fermentation process to sewage and other wastewater, but none has been 
successful in modifying the process so that it could be considered an econLqt~c 
alternative to conventional aerobic processes. So, while the advantages of 
anaerobic treatment are well known (high degree of stabilization achieved, 
lower sludge production, oxygen not needed, and methane produced) no approach 
has successfully developed' a modification that can !:!~Li.ei.ently remove organks 
from dilute wastewaters at low temperatures. 

The anaerobic attached film expanded bed process (AAFEB) represents a 
brea.kthrough in the anaerobic treatment of wastewater.. It has been shown to 
be effective for the treatment of domestic sewage (1) and a synthetic dilute 
waste (2) anaerobically at retention times on the order of several hours, at 
high organic loading rates (up to 8 kg COD/m3/day) and at reduced tempera­
tures. In addition, the process was found to be able to acclimate well to 
changes in temperature and/or organic loading rates (1). A preliminary 
evaluation of the AAFEB treating a more concentrated waste, whey, was also 
conducted, and it was found that the process successfully treated the whey at 
low retention times, at ambient temperatures and at high organic loading 
rates. These above mentioned studi~s will be.discussed in this paper. 

The AAFEB process consists of iut:!.t: t sand-·sizcd particles pArked in a 
cylindrical column which expand slightly with the upward flow of waste through 
the column (see Figure 1). The inert particles act as a support surface .for 
the growth of large amounts of attached microorganisms. In order to avoid the 
high flow .rates required to maintain particles in a fluidized state, the 
upflow velocities in the AAFEB are limited to those required to achieve 
apprnximately 20% bed expansion. Thus, lower flow-through velocities and 
smaller bed volume expansion~ are used with the expanded bed as U!J!JU&ecl to 
fluidized beds. 

EXP AimED lll!:D H.EACTOR DEVELOPMENT 

Jewell and Mackenzie (3) showed that under aerobic conditions, static 
attached films had twice the organic removal capacity of a suspended microbial 
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system under comparable conditions. In a subsequent study, Jewell (4) pro­
posed the use of an attached film expanded bed process. This application of 
the attached film concept was based on the assumption that the concept could 
be most practically applied in an upflow filter composed of small light 
weight sand-sized particles. Large biomass concentrations, Jewell (4) 
proposed, could be achieved on a large surface area which would minimize 
diffusion limitations, and the process in an expanded bed mode would be non­
clogging. 

This simple design led to adoption of a unit similar to fluidized bed 
reactors used in other applications (5). Cooper and Wheeldon (6) have 
summarized the use of fluidized and expanded bed reactors for wastewater 
treatment. Jeris et al. (7)(8)(9) have used the fluidized bed concept with 
sand as the attachmen~ medium to obtain high rates of denitrification and 
BOD removal. Cooper and Wheeldon (6) listed others who have reported on 
anoxic dentrifyi'ng fluidized bed systems (10)(11)(12) and aerobic fluidized 
beds systems (13)(14)(15). 

Beginning in 1974, attention was placed on anaerobic fermentation ~ith 
expanded bed reactors. Although no literature sources ·suggested that dilute 
and cool substrates could be treated with anaerobic processes, it was felt 
that the large surface area combined with exceptionally high concentrations 
of biomass were substantial changes over any process examined previously . 

. Leuschner (16) then demonstrated that an expanded bed type of process, using 
an anaerobic, attached film, was capable of treating dilute wastes at 
relatively short detention times, at ambient temperatures. An additional 
study was conducted on carbon conversion to methane with the expanded bed 
using dilute cow manure (J7). These initial studies were followed by four 
studies which will be summarized in the remainder of this paper. 

SEWAGE TREATMENT STUDY 

A preliminary study was undertaken in the laboratory to examine the 
efficiency of the AAFEB in removing low strength organics from municipal 
wastewaters at an ambient temperature. This initial study (and subsequent 
studies) was designed ~o challenge the major weak points thought to limit the 
application o.f anaerobic treatment with the AAFF.B - i. c., inability to 
efficiently treat low strength wastes and inability to operate efficiently at 
low temperatures. 

The prototype AAFEB consisted of a one liter reactor portion (empty 
volume) and a tube clarifier. The reactor was packed with a 500 ml mixture 
of spent ion exchange resins and PVC pa·rticles.. During operation the 
particles were expanded by a closed loop re~ycle pump. The feed to the AAFEB 
was primary seltled sewage from the Ithaca Sewage Treatment Plant, and was 
pumped into the recycle line by a separate pump. All loading~ and retention 
times are calculated on an empty volume basis that is occupied by the 
expanded media. Although this approach does not reflect the actual retention 
time, it allows estimates of reactor volumes and comparisons to be made to 
other processes that do not contain inert media. The entire experiment.took 
place at a constant temperature of 20oc. 

The reActor was started by innoculation with active biomass from an 
anaerobic sewage sludge digester and from a poultry manure oxidation ditch. 
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After 50 days of start-up, the process was monitored over a 200 day test 
period, for effluent COD and suspended solid~. The process was tested at 
progressively shorter.hydraulic retention periods with a constantly flowing 
unit. A summary of the organic removal efficiency and effluent concentra­
tion obtained for each HRT is shown in Figure 2. The graphs indicate that 
maximum efficiency for the AAFEB treating sewage occurred at retention times 
of one hour and greater in terms of organic removal efficiency and effluent 
quality. 

• 
It is also observed that even at quite low detention times, the unit 

was still removing a significant amount of COD. At a detention time of 5 
minutes, the system failed as effluent concentration approached influent 
values, but the system was not destroyed as washout does not occur rapidly 
in an attached film reactor. This is in agreement with a hypothesis 
originally posed by Atkinson (18). .. 

The experimental approach used and the results obtained for this pre·­
liminary study are described in greater detail elsewhere (1). The data 
obtained were hlghly encour:J.ging, rPpresenting an exceptionally high 
efficiency for an anaerobic system treating a dilute low temperature waste~ 
water. The results encouraged further development of the AAFEB. 

COMPREHENSIVE DILUTE WASTE STUDY 

Following the preliminary sewage study, a synthetic subsLr·ate was uocd 
to define the impact of .variation of temperature, flow rate and organic 
loading rate on the process. Details of this study have been reported else­
where (2). 

A summary of the scope of this· study is shown irt Table 1, in tcrme of 
variables tested. 

Table 1. Scope of Study-Variables Tested 

Hydraulic retention time 
Influent substrate concentration 
Organic loadine rate 
Temperature 

6 to 0.33 hours 
50 to 600 mg/1 COD 
0.8 to 43.2 kg COD/m3/day 
1ou to :.woe ) 

The AAFEB uroi'r.l for this study differed slightly from the model used in the 
preliminary study in that no tube settler was used, as .i.t Wll.3 oho~m t0 hP 
unnecessary. In addition aluminum oxide particles, 500 microns in apparent 
niameter. were used as biosupport particles. In.i.L.i.ally the bed was P.xpanded 
to a volume ot 500 nil. All loading~.; zsuJ r..,.tP.ntion time v.<=~lnes are based on 
this empty bed volume basis occupied-by the expanded bed. 

This comprehensive dilute waste study again demonstrated that the AAFEB 
~vas effP.c::tive for the treatment of low streng.th organic substrates. 
Temperature was found to be an important variable affecting pror.P.ss 
efficiency, but the process was shown to compensate well for changes in 
temperature. Th.e kinetic parameters characterizing the process did not follow 
the approximate rule of van't Hoff, but increased with increasing tempera­
tures at a lesser rate. This was believed due to the fact that a very large 
hiomass was present in the system and larger biomass concentrations are less 
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susceptible to temperature changes than small concentrations •. Also, it was 
observed that larger biomass concentrations occurred at lower temperatures. 
This too is important for temperature compensation. 

Modifications of the Monad and specific substrate utilization equations . 
were found to describe the efficiency of the system for low influent sub­
strate concentrations (COD= 200 to 600 mg/1) and for a'temperature range of 
100 to 3Q°C and these equations showed the importance of the influent sub­
strate concentration on process efficiency. These equations' related the 
process efficiency to two widely used operational parameters, the net 
specific growth rate and the specific substrate utilization rate, which are 
based on fundamental microbial concepts and are controllable paramters. 

In conclusion, the AAFEB was shown to be a highly efficient process 
capabl~ of achieving high organic removal percentages at low temperatures 
(10°, 20°) treating low strength wastes (COD~ 600 mg/1) at short hydraulic 
retention times (several hours) and at high organic loading rates (up to 
8 kg COD/m3/day). The high effectiveness was believed due to the large 
surface area to volume ratio created by the inert support media which enable 
a l~rge ac;tive mass of attached microorganisms to remain in the reactor at 
high liquid flow rates. 

SHOCK LOADING STUDY 

During the comprehensive series of experiments described previously (2), 
it was observed that the operating conditions of the expanded bed could be 
drastically changed with little adverse effect. Since anaerobic processes 
are known to be sensitive to major operating variables, an extended series 
of instantaneous changes were tested to observe the effect on process 
efficiencies (1). 

Three AAFEB reactors used in the previous study (2) were used for this 
shock loading study. The units were fed an influent soluble substrate 
composed of glucose and yeast extract over a wide range of temperatures 
(10-300C) and loading rates (0.3 to 24~0 kg COD/m3/day). Gradually increas­
ing temperature differential, changes ·in hydraulic retention time and 
subs-trate concentration were imposed on these three units with one nnit only 
experi~rtcing temperature and flow rate changes. The differential magnitude 
was increased until the extreme shocks· had been imposed on the reactor. In 
general, the shock changes had relatively little influence on the process. 
A summary of the magnitude of instantaneous changes that had little or no 
effect on the COD removal efficiency is given in Table 2. 

The most severe impact of shock loadings is shown in FignrP. 1. After 
nearly 30 days of continuous operation at v~rying operational conditions, the 
reactor was achieving maximum GOD removal efficiencies when the maximum rrmee 
of variables was· tested - the temperatnr.e was decreased from 350 _to 10°C, 
the loading rate increased from 1.'3 to 24 kg COD/m3/day and the hydraulic 
retention time was decreased from 9·. 5 to 0. 5 hours. 'This caused the COD 
removal efficiency to decrease to 45%, and a significant amount of the 
attached film was lost. The total fraction of biomass lost under these 
extremes was a.small fraction of the total. After return to 20oc, however, 
the procees efficiency returned Lu its maximum value in about 6 days. 
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Table 2. Summary of Influence of Reactor Variables That Resulted 
in Little Influence on AAFEB Process Efficiency 

Reactor 
Number 

Temp. 
oc 

Parameter Change 

Loading 
Rate, 

Kg/m3-d 

HRT, so, 
hours COD 

mg/.Q. 

1 13 to 35 Constant C<,Jnstant ' Constant 
35 to 10 at 2.4 at 5 at 500 

28 to 17 1.7 to 4 7 to 3 500 
to 33 to 1.4 to 8.5 2 

30 Lu 12 4.1 to i1. 6 Const~nt R'1n tn 
to 35 at 5 150 ro 950 3 

PRELIMINARY \fflEY TREATM ~:NT S'TUDY 

The AAFEB had been shown to be effective for the removal of domestic 
sewage (1) and a synthetic dilute waste (2) anaerobically at retention times 
on the order of several hours; at high organic loading rates (up to 8 kg/m3/ 
day) and at reduced temperatures. In addition, the process was found to be 
able to acclimate well to changes in temperature and/or organic loading 
rates (1). The good performance at low temperatures and the stability 
exhibited by .the process are two important advantages in that these are 
usually considered major problems with anaerobic treatment. These would also 
be beneficial in treating more concentrated industrial wastewaters. 

The AAFEB had been developed for the treatment of dilute wastes, rather 
than tor more concentrated industrial wastes. Therefore, a preliminary 
feasibility evaluation of whey treatment was conducted (19). A prototype 
AAFEB re.;tctor, used in the pr·evious study (2), w.:ts used for thj_s preliminary 
concentrated waste study. The expanded bed occupied a total volume of 500 
ml, and again, all subsequent loading values will be based on this 500 ml 
volume. 

The substrate used for this study consisted of sweet whey powder, 
ammnninm phosphate .;t$ a supplemental nutrient source and sodium bicarbonate 
as a buffer. The exact components uf the feed are shown in Table 3. 

Table 3. Components of Feed Solution 

10 grams sweet whey powder 
10 ml 1M (NH4)2HP04 

5 grams NaHC03 
Tap water 
Total volume = 1 liter 

The feed was kept in a refrigerator to prevent excessive degradation and 
pumped into the expanded bed. 
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' The experimental c;onditions of this preliminary study are summarized in 
Table 4. 

Table 4. Experimental Conditions 

Influent substrate concentration: 

Hydraulic retention time: 
Organic volumetric loading rate; 
Temperature 

TCOD = 10,000 mg/1 
SCOD = 8263 mg/1 
24 hours - 4 hours 
10-60 kg COD/m3/day 
25-31°C 

The organic strength of the waste was kept constant throughout the study, 
and the temperature was the ambient room temperature usually around 26°C. 
However, it did vary throughout the study. The. only variable was the 
hydraulic retention time and subsequent organic loading rate. Six different 
retention times were investigated ranging from 24 hours to 4 hours. 

The AAFEB has been used for the previous studies, and thus had already 
developed a sufficient biomass when this study commenced at an initial HRT 
of 24 hours. After 30 days of operation, data were taken on three suc­
cessive days for the 24 hour retention time. The retention time was then 
decreased to 18 hours. For all subsequent changes in loading, 20'HRT's were 
allowed to pass before the next set of three day consecutive data were taken . 

. The following paramet.ers were measured: total and soluble chemical oxygen 
demand (TCOD, SCOD); suspended and volatile suspended solids (SS, VSS); pH; 
and organic acids. 

Effluent data for TCOD anq SCOD are shown in Fig1..1re .4. Each point in 
this and subsequent figures are means of the three data points collected at 
each loading condition. The performance of the process can be evaluated in 
terms of removal of soluble COD. ·Figures 5 and 6 show organic removal 
efficiency as a function of the hydraulic loading and organic loading 
respectively. 

In examination of the data several promising trends can be noted. The 
process was able to achieve high organic removal efficiencies (87% and 
greater) at relatively low retention times (12 hours and greAtPr) and at 
hijh organic loaciin.g ratco (up t:u 20 Kg COD/m3/day = 1248 lbs COD/1000 
ft /day). In addition to high removal efficiencies, large quantities of 
methane can be generated (5-6 volumes of gas per volume of reactor, based on 
500 ml reactor volume). 

It should be also noted that although high organic removal efficiencies 
were achieved, the effluent was still high in COD because of the high 
influent concentration, and thus might requi.re further treatment. Also, 
despite the addition of 5 grams of NaHC03 to the whey feed, thP pH of the 
reactor did dec;reasP. at the higher loading conditions, and thus better pH 
control might be necessary for operation at these conditions. 

It was concluded from this preliminary feasibility study that the AAFgB 
shows significant potential for the treatment of whey. High removal 
efficiencies can be achieved at low retention times operating at an amhi.Pnt 
temperature range. This high rate performance can be more ciearly 
rel:ugnized by comparing the results of this study to one conducted with an 
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anaerobic filter treating whey (20). With an anaero.bic filter, Hakannson 
(20) was able to achieve a high organic removal efficiency (97% COD removal) 
with an influent COD concentration of 8100 mg/1 but at a much lower organic 
loading rate (1.9 Kg COD/m3/day, as, compared to 20 Kg COD/m3/day in this 
study). 

It must be pointed out, however, that while these results are 
encouraging, they are highly preliminary in nature and only demonstrate that 
the process is potentially feasible for methane generation from whey. More 
work will be needed to further define the efficiency and the effect of 
environmental conditions on the process. At the present time, further work 
is being conducted in laboratory of the author. 

SUMMARY 

This paper reports on aeveral laboratory lilVt:stigatious of the AAFEB 
processinvolving the treatment of low strength wastes and one high strength 
waste. The low strength studies involve 1) primary settled domestic sewage 
which was used as the substrate for a kinetic feasibility study and 2) a 
synthetic ~ubstrate which was used to define the impact of variation of 
temperature, flow rate, and organic loading rate on the process. The high 
strength study involves whey which was used to test the feasibility of the 
process for treating more concentrated wastes. An additional study was 
conducted to examine the effect of shock loadings (temperature,and organic 
loading conditions) on the process and it was found resistant. 

The process has been found to overcome several of the problems commonly 
associated with anaerobic treatment. These include: 1) treatment of low 
strength wastewaters; 2) operation at low temperatures; and 3) resistance to 
shock loadings. In addition the process has been found to be able to 
operate at high organic loading rates and at low detention times. The 
effectiveness of the process is believed due to the large surface to volume 
ratio created by the inert support media which enable a large active mass of 
attached microorganisms to remain ln the reactor R.t high li.quid flow rates. 

In summary, the AAFEB has been found to be able to realize many of the 
benefits of anaerobic treatment while overcoming several of the problems 
asso~iated with it. It offers the dual advantage of energy prouuction and 
pollution control. 

ACKNOWLEDGMENTS 

f.tudent stipend support in the form of research assistantships were 
provided by the U.S. Departm~nr uf Energy CuutJ.:ut EY-S=-02-?q81 for the work 
involving the comprehensive dilute waste study and the variability testing.· 
Mr. James W. Morris conducted the variability testing. The whey study was 
partially supported by the Division of Research of Clarkson College of 
Teehnology in the form of a teaching assistantship for Mr. Scott C. Danskin 
who conducted that study. 

Finally, the author wishes to acknowledge the role of Dr. Willia~ J. 
Jewell who originated the anaerobic expanded bed concept and under whose 
excellent guidance the preliminary se\ttage, comprehensive dilute waste, and 
variability testing studies were conducted. 



.. 

1. 

123 

BIBLIOGRAPHY 

Jewell, W.J., M.S. Switzenbaum and J.W. Morris. 
the anaerobic attached microbial film expanded 
presented at the 52nd Annual Conference of the 
Control Federation, October (1979). 

Sewage treatment with 
bed process. Paper 
Water Pollution 

2. Switzenbaum, M.S. and W.J. Jewell. The anaerobic attached film 
expanded bed reactor for the treatment of dilute organic wastes. 

·u.s. Dept. of Energy Report TID-29398. Available from National 
Technical Information Service, U.S. Dept .. of Commerce, Springfield,. 
VA, 22161. $9.25. 194 pages (1978). 

3. Jewell, W.J. and S.E. MacKenzie. Microbial yield dependence on 
dissolved oxygen is suspended and attached systems. Proc. 6th Water 
Resources Symposium, University of Texas, Austin, Texas (1972). 

4. Jewell, W.J. and R.J. Cummings. An optimized biological waste 
treatment process for oxygen.utilization. Paper presented at the 
47th Annual Conference of the Water Pollution Control Federation, 
October (1974). 

5. Zenz, F.A. and F.A. Othmer. Fluidization and Fluid Particle Systems. t 

Reinhold Publishing Corp., New York (1960). ~ 

6. Cooper, P.F. and.D.H.V. Wheeldon. Fluidized-and expanded-bed reactors 
for waste-water treatment. Paper presented at the Annual Conference 
of the Institute of Water Pollution Control, Torquay, September 
(1979). ~ 

7. Jeris, J.S. ~· al. High rate biological denitrification using a 
granular fluidized bed. JWPCF 46, 2118 (1974). 

8. Jeris, J.S. and R.W. Owens. Pilot-Scale high rate biological 
denitrification. JWPCF 47, 2043 (1975). 

9. Jeris, J.S. ~· al. 
nitrogen removal. 

Biological fluidized bed treatment for BOD and 
JWPCF 49, 816 (1977). 

10. Bailey, D.A. and E.V. Thomas. The removal of inorganic nitrogen from 
sewage effluents by biological denitrification. Water Pollution 
Control 47, 495 (1975). 

11. Hawkins, J.E. et. al. Full-scale trial of denitrific~tion of sewage 
effluent using an attached growth technique. New Processes of 
Wastewater Treatment and Recovery (Ed. G. Mattock). Ellis-Harwood 
Ltd., Chichester, Sussex (1978). 

12. Francis, C.W. and M.W. Callahan. Biological denitrification and its 
application in treatment of high nitrate wastewater~ J. Env. Qual. 
4, 153 (1975). 

13. Oppelt, E.T., J.M. Smith and W.A. Feige. Expanded bed biological 
treatment. U.S. EPA Report No. EPA-600/2-78-917 (1978). 

~ .. :.:; .. 

'· .. 



•;; 

124 

14. Sehic, O.A. The USE;! of bioactive fluidized sand for the rapid 
carbonaceous oxidation of domestic wastewater. M. Eng. Thesis, 
Dept. of Chemical Eng., University of Melbourne, Australia, October 
(1978). 

15. Sutton, P.M. ~- al. Oxitron fluidized bed wastewater treatment 
system: application to high strength industrial wastewaters. Paper 
presented at 34th Industrial Waste Conference, Purdue University, 

.May (1979). 

16. Leuschner, A.P. The feasibility of treating low 
wastes with an anaerobic attached film system. 
Cornell University, Ithaca, NY (1976). 

strength organic 
M.S. Thesis, 

17. Jewell, W.J. et. al. Anaerobic fermentation of agricultural residues: 
Potential for i;rovement and implementation. Repo'rt prepared for 
U.S. Department of Energy, Dlvi~:don of Solar Technology, Feburary 
(1978). 

18. Atkinson, B. and ·r.J. Davies. The complete mixed microbial film 
fermenter: A method of overcoming washout in continuous fermentation. 
Trans. Instn. Chern. Engrs. 50, 208 (1972). 

19. Switzenbaum, M.S., S.C. Danskin, and D. Nadas. Methane generation from 
whey for energy production. and pollution control. Paper presented 

20. 

at Energy_ Optimization of Water and Wastewater Management for 
Municipal and Industrial Applications Conference, U.S. Dept. of 
Energy, New Orleans, December (1979). 

Hakannson, H. ~· al. 
in submerged filters. 
(lYll). 

Anaerobic treatment of whey and whey permeate 
Inst. Vatten-Luftvardsforsl, Publ B, 406 



RECYCLE :::_;::.=-x:::========;-, 
SAMPLE 

PORT 

CH4+C02 

~-++--<,__ !.__ EFFLUENT 

1 

--- ==*=== 

SUPPORT 
MEDIA 

OISPERSION PLATE 

BAFFLE 

ANAEROBIC ATTACI-£0 FILM EXPAIII:l£0 BED REACTOR 

Fig. 1. The Anaerobic Att?ched Film 
Expanded Bed Reactor 

>" 
u 
~ 
g 

0 
w 

-' 
c .. 
u 

;; -' 

" 0 ;: ;: ; .. 
<= 
u ~ 

0 ;;: .. 
~ 

,. 
0 

~ z .. 

~ 
____________________ __J•coo 

... .. 
ss 

'· 
IIYDRMJI.IC II(TENTIOII TIM£,HRS 

Fig. 2. Summary of the Influence of 
Decreasing Hydraulic Reten­
tion Periods on the COD and 
SS Removal Capability of the 
AAFEB ·Treating Primary Set-
tled Domestic Sewage at 20°C 

J 



' 

126 

0 (Influent COO, mq/.-) .... ------; 
(Temperature. D() 

(Volumetric loading Rate. kg CODtm3-d) 

(Hydraulic ~etention lime. Hours) 

2-10 (Experiment Number. Reacto•·-Teo;t) 

~~~~~~~~L-~--~~--~~~~--·· 
720 740 7110 780 800 820 840 860 880 900 920 940 960 980 1 00!1 

OPERATION Tl"£ 

Fig. 3. Influence of Shock Loadings 
on the COD Removal Effi­
ciimcy and Effluent SS with 
the AAFRB 

1nno 

,000 \ 

' sooo I 
\ 

\ 

4000 

,_ 

, , 
" 1000 
c 
0 , 
~ 

~ 

J:OOO 

1001) 
........ _____ _ 

12 16 '" Hydraulic Retention Time lhOt.ltB) 

Fig. 4. Influence of Hydraulic 
-Retention Time on Effluent 
Quality as Chemical Oxygen 
Demand 



127 

100~~-----------------------------------------. 

80 

,., 
u 
c 
!:: 
u ~ 60 .... 
~~ .. 
~ 

~0 
>0 

j~ 40 
.Q 

"" ... ~ 
co 
~ .. 
"' ..... 
o- 20 

Fig. 5. 

80 

,.,_ 
"'"' c ~ 
.. > 
~a ..... 60 ..... ... 
.,0 

0 .... u 
~ 
~ .. 
2'"' 
~~ 40 

.~ i 
C"' 
~0 

"' .... 
o-

20 

.8 12 16 20 

Hydraulic Retention Time (hours) 

Influence of Hydraulic Retention 
Time on the Organic Removal Ef­
ficiency of the AAFEB Treating 
Whey 

10 20 30 40 50 60 

Organic .Volumetric LoadiniJ Rata (kgCOD/m
3 

/Ua.y) 

Fig. 6. Influence of Organic Volumetric 
Loading Rate on the Organic Re­
movAl Efficiency of the AA~'EH 
Treating Whey 





129 

CELANESE·EXPERIENCE WITH ANAEROBIC FILTERS 

J. L. Ragan 
Celanese Chemical Company, Inc. 

Technical Center 
Corpus Christi, Texas 

ABSTRACT 

Celanese Chemical. Company, Inc., has b~en evaluating applicability 

of biological treatment for high strength effluents from its chemical 

plants since the early seventies. This work has led to extensive 

investigation of anaerobic systems in both laboratory and pilot units 

and to development of an effective treatment system, particularly for 

high strength wastes. 

To date, one commercial'unit, 'designed for 65~ removal of a 36,000 

lb/day COD load has been in operation at a Celanese Plant sinse mid-

1977. Two other units, one designed for 75 M lb/Day COD loading and one 

for 117 M lb/day COD loading are currently under construction in other 

Celanese plants. 

This paper will review briefly the operating history of the exist­

ing comm~rcial unit and discuss economic and technical considerations 

-leading to the c·ommitment to install additional units. 
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Celanese Chemical Company, Inc. has been investigating 

various types of biological processes for treatment of wastes 

from its Texas. chemical plqnts since the late forties. During 

the early seventies work was directed to anaerobic systems as 

possibly offering significant advantages for treatment of high 

strength wastes. Among the expected advantages were: 
'/ 

1) greatly reduced net energy requirements; 

2') lower sem:iitivity toward hl?nvy metg,ls; 

3) greatly ~educed nutrient requirements; 

4) greatly reduced sludge production; 

5) fewer constraints on food/biomass ratio. 

I 

This work culminated in development of a modified.anaerobic 

filter which has been very successful in laboratory ~nd pilot 

plant treatment of a ~ide variety of high strengh chemicals and 

natural wastes. 

·The anaerobic system comprises a packed filter in which 

wastewater is circulated upflow through the packing. The 

overflow is split into two streams, one of which goes forward 

to such downstream processing (clarifier or second stage) as may 

be required to meet·discharge limitations. The other stream is 
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mixed with incoming feed to dilute and buffer it and recirculated 

to the bottom of the filter. Methane gas from the top of the 

filter is recovered for fuel. Compression and cleanup of the 

gas may be required depending on·its intended use. The system 

is described in more detail in Belgian Patent 860-261 to 

Celanese Corporation. 

Table I shows laboratory and/or pilot plant performance 

data on several different chemical wastes. It should be 

noted that with the very high strength raw waste, a COD remova-l of:. 

typically 80-90% will, in many circumstances, not meet effluent 

requirements. In· these cases an additional treatment step-­

perhaps an aerobic polishing unit--is required. Also, as with 

any biological system, an upstream waste equalization may be 

required to reduce load swings and protect the system against 

toxic spike loadings. 
J 

The first commercial application of the sy~tem was an 

installation at the Celanese Polymer Specialty Company guar 

processing plant in Vernon, Texas which came on line in mid-

1977. The plant, as described by Witt, Humphrey and Roberts 

(1). was desigiled for 36,000 lb/day COD feed and a removal 

efficiency of 65%. · 
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During the first 1-1/2 years of operation the plant 

operated at COD loading rates from 0.16 lb/ft 3-day to 

0.69 lb/ft3-day, averaging 0.47 lb/ft3-day. COD removal 

efficiency averaged 60%--below the 65% design--·as a result 

of changes in plant product mix, waste composition and 

volume. The 60~ COD removal being obtained is low 

compared to the typil.:dl 80 ... 90% COD removal shown if1 Table· I. 

This results from presence of a substantially nonbiodegradanle 

fraction in the waste. The total treatment plant is being 

expanded and waste lOadings of 1.5 lb COD/ft 3-day and removal 

efficiency of 60% are expected upon completion of the expansion. 

It has been demonstrated that the unit can be shut down 

for 1-3 days for maintenance without loss of activity on 

-
restart. Upsets have occurred during operation, most of 

which, in retrospect, were preventable. 'rhese upse.ts emphasize 

the necessity for very careful planning of waste equilization 

syst.ems ahead of the filter, good control and alarm instrumentation, 

good analytical support, and careful operator training. 

The success of this original installation has led to 

multimillion dollar commitments by Celanese Chemic<:~.l Compa:ny, 

Inc. for installation of anaerobic units at two other 

plants. 
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One of these units is designed to handle a feed of 

12·,ooo ppm COD waste at a throughput of.75 M lb COD/day. 

The waste is a complex mixture of effluents from production 

of a-wide variety of oxygenated organic chemicals including 

formaldehy_de, methanol~ butanol, polyols and poly acetal 

copolymer resins. 

The anaerobic unit will be added to an existing aerobic 

waste treatment p~ant as a first stage to give expanded 

treatment capacity. Choice'of the anaerobic filter in this 

case was dictated by two factors: 

Economics -- Total cost of the treatment system-­

capital and operating cost--an a net present value 

basis considering the total stream of cash flows over· 

the_life of the project was significantly lower than 

for the alternatives. 

Capability -- Certain streams in the waste are refractory 

to aerobic treatment alone but can be readily treated 

in a combination anaerobic-aerobic system, thus reducing 

the volume of refractory effluent to be dealt with by 

nonbiological means. 
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The other unit is designed to treat a feed of 117 M lb/day COD 

with a feed concentration of about 11,500 ppm COD. Again 
J . 

this waste arises from production of various oxygenated 

organic chemicals primarily by hydrocarbon oxidation. The 

unit will be the first stage of a combination anaerobic/facultative 

pond system. Again, economics dictated ·the choice of process. ' 

While the anaerobic process was selected by Celanese for 

these two installations over competitive systems on the basis 

of overall economics, the economics were strongly affected in 

each case by site-specific factors. It may be helpful in obtaining 

a more quantitative perspective on the relative merits of aerobic 

and anaerobic systems to assume a hypothetical case and look in 

detail at some of the major cost factors expected to differ 

between the two systems. For this example, let us assurt'le a. 
I 

unit to remove 50 M lb/day COD from a waste stream containing 

no nitrogen or phospho~us and consider relative costs for 

anaerobic and aerobic systems with respect to the following 

factors: 

Nutrients -- A COD/N/P ratio of 1000/2.5/0.5 for an 

I 
anaerobic system vs 100/2.5/0.5 for an aerobic system. 

Nitrogen (NH 3 ) cost of $0.065/lb and phosphoric acid 

cost of $0.22/lb. 

Sludge Production-- 0.03 lb/lb COD for the anaerobic 

system vs 0.2 lb/lb for an aerobic system. Sludge 

thickened to 20% solids for disposal at $10/wet ton. 
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Electricity-- 0.125 KWH/lb ·COD for the anaerobic 

sy,stem vs 0. 5 KWH/lb COD for the aerobic system at a 

power cost of $0.035/KWH. 

Fuel Gas Production -- 5.9 SCF/lb COD for the anaerobic 

system sold at $3 .. 00/MCF. 

Table II, a cost comparison ·Of the two systems in terms 

of annual operating cost for the above factors, shows an 

advantage of about $730 M/year for the anaerobic system. 

Most project investment decisions are made utilizing 

some type of discounted cash flow analysis which considers 

.expected- cash flow over the project life. Let's make the 

additional assumptions that project life is ten years and 

costs inflate at 6%/year and consider the net present value 

of the sum of the stream of cash flows over the ten-year 

project life at a disco.unt rate of 15%. Table III shows the 

result of this calculation as well as the same calculation 

without inflation. The anaerobic system present value cost 

advantage for the five factors is $4.8 MM with inflation or 

$3.7 MM without inflation. 

Economics of any installation are, of course, a unique 

function of site-specific factors. However, it seems reasonable 

to conclude that the electricity consumption difference, the 
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methane credit, and the sludge disposal cost difference will 

exist at any site while the nutrient-cost difference would 

not exist for a·waste containing sufficient nitrogen or 

phosphorus. Thus, it seems likely that the anaerobic.unit 

will always be favored on an economic basis and indeed will 

be the favored process even if its capital cost is significantly 

higher than alternative processes. 

To summarize, our experience to date suggests that: 

a) The anaerobic filter can be used successfully to treat 

high strength industrial waste containing a wide variety 

of compounds. 

b) It .is likely that the anaerobic filter will be the 

preferred choice on economic; g:cuunds in most caocs. 

This will probably·be true regardle~~ of whether the 

anaerobic system is part of a larger mixed anaerobic­

aerobic system or a stand-alone unit. 

In closing, since energy conservation is currently 

a matter of national concern, it may be of interest to put 

two items from our hypothetical plant,.methane credit and 

electric1ty savings in the Iarger.context of the national 

energy balance. First, the methane production is 108 t-1M CF/yr, 

which presumably will displace 1.8 M bbls/yr of imported oil. 

Second, the reduced electricity consump;tion is about 6.8 MM KWH/yr. 
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At the national average hea.t rate of 10, 400 Btu/KWH this is 

equivalent to a utility fuel savings of 11.9 M bbls/yr for a 

total of 30 M bbls/yr or roughly $750 M/year reduced oil 

import costs. 

' 
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TABLE I (a) , 

ANAEROBIC FILTER PERFORMANCE DATA FOR VARIOUS EFFLUENTS 

Feed Description 
(Main Components) 

Acetic Acid 
Formic Acid Live 
2-Butanone Feed 

Acetic Acid 
Acetaldehyde 
Glycol Live 
Vinyl Acetate Feed 

Formic Acid 
Acetic Acid 
Methanol Live 
Formaldehyde Feed 

Acrylic Acid 
Acrylate ·Live 
Esters Feed 

Formic Acid 
Acetic Acid 
.Formaldehyde Syn .•.. 

· .Me.thanol Feed 

Dairy Waste Sim. 
(Evap. Milk) Feed 

Feed COD 
Range (mg/1) 

5,000 - 10,000 

7,000 - 10,000 

17,000 - 24,000 
(1700-5700 mg/1 HCHO) 

79,000 - 85,000 

25,000 

24,000 

Loading Range 

0.25 - 0.38 

0.38 - 0.50 

0.69 - 0.91 

0.5 - 0.6 

o. 520 ± a. 013 
0. 790 ± 0. 010 
0.997±0.14 

0.45 - 0.55 

% COD 
Removal 

87 - 90 

86 - 94 

72 - 92 

. 94 - 97 

94.1 ±1.1 
93.2±0.7 
91.8 ±0.2 

80 - 90 

Misc. Remarks 

Outfatl COD = 
90..;.660 mg/1. 

BOD Removal -. 
86-97%. 

BOD Removal = 
80-90%. I-' 

w 
HCHO Removal = \0. 

98-99+%. 

-----

-----
-----
-----

-----

(a) Witt, E. R; Humphrey, W. J.; and Roberts, T. E.; "Full $cale Anaerobic Filter Treats 
High Strength Wastes"; ~roceedings of the Purdue University Industriai Waste Conference; 
Lafeyette, IN; May 8-10, 1979. 
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TABLE II 

COMPARISON OF SELECTED ANNUAL OPERATTNG COSTS 
FOR AEROBIC AND ANEROBIC SYSTEMS 

Basis: 50 M Lb/Day COD Removal. 

Anrlllal cost, $ML:Yr 
Cost Component A~robic Anaerobic 

Phosphorus 63.5 6.4 

Nitrogen 36.0 3.6 

Sludqe Disposal q1.3 13.7 

Electricity 319.4 79.8 

Methane Credit 0 (323.0) 

ANNUAL TOTAL 510.~ (219.5) 

A .. 

57.1 

32.4 

77.6 

239.6 

232.0 

729.7 



Cost Component 

Phosphorus 

Nitrogen 

Sludge Disposal 

Electricity 
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TABLE III 

NET PRESENT VALUE OF CASH FLOWS, $M 
TEN YEAR LIFE -- 15% DISCOUNT RATE 

9%/YR INFLATION 

Aerobic Anaerobic 

417.2 42.1 

236.5 23.6 

599.8 90.0 

2098.5 524.3 

Methane (Credit) 0 (2122.1) 

TOTAL 3352.0 (1442.1) 

(a) $3673 if calculation made in constant dollars. 

375.1 .:l·,, 

212.9 

509.8 

1574.2 

2122.1 

4794.1 (a) 
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TREATMENT OF DOMESTIC SEWAGE WITH THE ANAEROBIC FILTER 

F. B. DeWalle,* J. C. Kennedy,t T. Zeisig,* and R. Seabloomt 
*Department of Environmental·Health 
tDep~rtment of Civil Engineering 

University of Washington 
Seattle, Washington 98195 

ABSTRACT 

The present study conducted a statistical evaluation of performance data of 

laboratory scale anaerobic filters treating dol'lestic sewage using septic tanks 

2 
as control treatment units. The R of the regression equation: 

%BOD Removal b b (1. BOD ) + b (1 "" ) _._ b ( · -l) o + 1 n in 2 11 ...... in "~" 3 t J me · 

indicaterl that the model accounted for more than 90% of the variability for 4 

of the 5 filters studied and for 6 of the lO·septic tanks. A similar equation 

for the suspended solids removal could not account for any of the variability. 

The coefficient b
1

. ranging from 4 to 19 was significant at the 5% level for 4 

the 5 filters, while bn was not significant aod b3 significant for 2 of the 5 
£ 

filters indicating that the influent BOD is the primary factor determining the 

of 

removal efficiet1L.y and tha.t the actual effluent concentration is indepeudant of 

the influent concentration. 
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INTRODUCTIO~ 

' 
Although approximately 70% of the homes in the U.S. are served by central-

ized sewer systems, on-site sewage treatment is becoming more prevalent due to 
its lower cost in housing areas with a density below 16 persons per acre (Gold­
stein, 1973). A conventional on-site system generally consists of an anaerobic 
septic tank and a soil absorption system. A major limitation to the widespread 
use of such a system is the unsuitable soil conditions in over 70% of the total 
land area (Otis and Boyle, 1976). It has been suggested that a reduction of 
the pollution load discharged from the septic tank may retard the clogging of 
the drain field or may reduce the amount of land required for the disposal of 
the sewage (Laak, 1974). 

Several studies at the University of Washington have evaluated the effec­
tiveness of the upflow anaerobic filter as a domestic sewage treatment method 
and as a possible replacement of the septic tank to produce a better effluent 
quality. The present study conducted a statistical evaluation of the main 
parameters affecting the performance of anaerobic filters and compared the 
effluent quality of filters in terms of Biochemical Oxygen Demand (BOD) and 
Suspended Solids (SS), with that of conve~tional septic tanks. 

SELECTION OF ~~AEROBIC FILTER 

The anaerobic filter basically consists of a reactor filled with a sub­
merged solid support medium in which anaerobic bacteria, treating incoming 
wastewater, are retained and protected from outwashing. Coulter et al (1957) 
and Witherow et al (1958) employee ~n anaerobic rock filter following an anaer­
obic sludge contacter. The combined processes experienced a 65% BOD reduction 
and an 84% SS reduction with most of it occurring in the first unit. Pretorius 
(1971) noted an 85% Chemical Oxygen Demand (COD) removal in an anaerobic diges­
ter, followed by a multimedia biofilter with most of the gas production origi­
nating from the filter. Winneberger et al (1961) employed an anaerobic filter 
following a septic tank and noted a 60% BOD removal and a 70% SS removal at a 
5 day detention time. Young and McCarty (1969) employed the upflow anaerobic 
filter as a separate unit process treating high strength synthetic feed. 

Four studies at the University of Washington have evaluated the applicabi­
lity of the anaerobic filter to treat domestic·sewage. Caudill (1968) treated 
settled domestic sewage with a COD of 226 mg/1, using an anaerobic filter hav­
ing a 1.1 day detention time and a loading of 0.1 kp, COD/m3.d. (5.8 lb. COD/ 
1000 cu. ft. d.), and noted a 60% COD removal for the filter or a 76% COD 
removal for the settling and anaerobic filter treatment combined. Using a simi­
lar waste, Thaulow (1974) noted a 75% COD removal and a 90% SS removal at a 
maximum loading rate of 0.18 kg. COD/m3.d. (11.5 lb. COD/1000 cu. ft. d.) and 
0.8 day detention.time. Roats (1975) observed a 60% COD removal and a 2R% SS 
removal in an anaerobic downflow sandfilter treatinp, septic tank effluent. In 
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a full scale 2.5 m3 (650 gallons) anaerobic filter installed following a sep­
tic tank and receiving 0.19 kg. COD/m3.d. (11.8 lb. COD/1000 cu. ft. d.), 
Hamilton (1975) observed a 28% COD removal and a 39% SS removal. 

STATISTICAL ANALYSIS OF TRE DATA 

The present study used existing data on anaerobic filters (Table 1) and 
septic Lanks (Table 2) treating resi-dential wastewater and determined statis­
tically the effect of major design and operating variables on filter perfor­
mance. The influent concentration, hydraulic detention time, temperature, 
sludge seeding, waste type and reactor type, the predictor variables for which 
data were available, were related to performance response variable~ for both 
BOD and suspended solids. Stepwise multiple regressions were applied to the 
predictor variables to determine the most significant variables and to deter­
mine the amount of variability accounted for by the set of identified varia­
bles. The results of this testing indicated that, due to confounding amo~g 
the dummy variables used to represent waste type, temperature, seeding, and 
reactor type, the influence of the variables could not be determined by this 
method. 

It was therefore necessary to switch to a simplified regression model 
using only those predictor variables that were shown in previous studies to 
be of importance. Multiple regressions were used to analyze the effect of 
each predictor variable on reactor performance, while adjusting for the influ~ 
ence of the other predictors. Since the aggregation of individual reactors 
into larger sets depends on the similarity of the regression coefficients, the 
model was applied in a three-step hierarchy. Initially, regressions were mane 
of each individual reactor. If different reactors operated under similar con­
ditions had similar coefficients, a single equation can be used for all reac­
tors within a single study. If the coefficients for each study showed simi­
larity according to reactor types, regressions can be made to predict perfor­
mance of each type and to establish differences between each type. 

RESULTS 

Summary statistics of the treatment efficiency of each type of reactor 
are shown in Table 3. They are based on results from different studies and 
from separate operating time periods in individual studies for septic t;;n1:s 

______ .JJO periods) , ___ anaerobic filters (14 periods), and combine.d systems _(2_ p_e._!:~ods) ~ 
i.e. those systems where data were only available for the septic tank filter 
combination instead of each process separately. In general, percent removals 
were greater for SS than for BOD. As the detention time for half of the fil­
ters was less than one day, this provided enough time for sedimentation but 
may provide insufficient time for extensive biological degradation. Anaerobic 
filters showed the highest mean BOD and SS removal, followed by septic tanks 
and combined systems. As the summary statistics are based on observations of 
diverse design and operating conditions, these variables, singly or in combi­
nA.ti on, may be more important thnn the reactor type ui.fferences. 

The cumulative data frequency distributions of each reactor shc-rw~r. 11 nor-­
mal distribution for percent BOD removal and percent SS removal and a loga­
rithmic normal distribution for effluent BOD (Figure 1) and SS (Figure 2), 
which is in accordance with results observed for other sewage treatment pro­
cesses (Garret, 1976). The reactors having the lowest effluent BOD concentra­
tions were exclusively anaerobic filte.rs, and their performance appears more 
stable than the septic tanks or combined systems as evidenced by a lower slope 
of the logarithm-concentration/frequency distribution curve. The lower SS 
concentrations ~,rer.e also noted for the filters, although the differences vTith 



1able 1 'Anaerobic Filt~rs Evaluated in the Present Study 

Reactor ' Waste- Mean Mean 
Detention BOD. ss .· Kea:tor Volume water 1n In Time 

Study Type (galion) Porosity Re•:e i ved (mg/1) (mg/1) Temperature (Days) 

Caudi 11 ( 1968) AF 1 (L) 2 
1. 92 0.45 "E5 90 --- 37° c 1.1 

W i the row e t a 1 . , : AF (P)3 419 0. 31 CE 6 116 72 30·::J c 0.67 
( 1958); Coulter 
et al. ( 1957) 

Hami 1 ton ( 1975) AF (P) 650 0.5 sn 1 120 72 11.3° c o.8 

Mag doff et a 1. AF (L) 0.013 
(1974) 

0.4 STE 120 --- 25° c 3.57 

Raman & Chak lada. 20°-25°C 
( 1972) AF (P) 119 0.5 STE 189 275 2~~~;6 10 

(other) 

Thaulov: ( 1974) A'F (L) 2. 31 0.5 PE 124 114 2! C· C 0.83 
i)c - 14°c 0.83 
]:Jr. - 14°c 1.7 
7:Jt - 14°C 2.5 

Thau1ow ( 1974) AF (L) 2. 31 0.5 STE 191 --- 21° c 0.83 
t) c 0.83 

' ~0 c 1.67 
;o:. C. 2.5 

Winneberger !\F (P: 261 0.50 MSB 153 253 ·.-? c 3.2 
et a 1. { 1961) 

Winnel:erger sl'4 A0 (P) ST-9.5 0.5 MS 128 . 144 1!;0 c 1.7 
et a 1. ( 1965) AF-2.5 

ST-AF' (P) ST-9.5 o.s MS 165 205 p" c 0.9 
AF-2.5 

I ST-AF (P) ST-9.5 G.5 MS --- 161 1?0 c 0.7 
AF-2.5 

1) AF=anaerob~c f!1ter 2) L=laborattiry 3) P=pi1ot scale 4) ST=septic tank 5) PE=~ri~ary effluent 

6) CE=effluenn. of anae~obic upflow chamber 7) STE=septic tank effluent 8) MS=municipal sewage 

-



Table 2 Septic Tanks Evaluated in the Present Study 

Reactor Mean Mean 
Detention BOD. ss. Volume Wastewater 1n 1n Time 

Study Reactor Type (gallon) Received (mg/1) (mg/1) Temperatur.e (Days) 

u.s. Pub 1 i c He.:. 1 th rectangular joint 2060 municipal sewage 396 414 4°-10°C 8.2 
Service committee type winter 
Weibel et a 1. ( 1954) 

round ends 513 2o0 -28°c 2.0 summer 
2-compartme1t, 553 398 2.2 
vert. cylin.jer 

4-tompartment, 673 414 2.7 
vert.· cylin~er 

oval 525 2.1 

single cylinder 455 
.. 

1.8 vert. 

rectangular joint 539 2.2 
committee type 

horizontal cylinder 492 2.4 

Nottingham & Ludwig septic tank-- 5250 municipal sewage --- 246 exposed to 0.50 
( 1950) elongated 

' 
Mich. 

septic tank-- Boo summer 
standard 

National San i tio:n septic tank-- 1000 municipal sewage --- 239 exposed to 1.67 
Foundation ( 1975) sanitary elbow Mich. 

septic tank-- 1000 summer 1 .67 
SSR device 

'Seabloom & Engeset septic tank-- 1000 household --- . --- 12° c, 4 .. 
(1978) household use wastewater buried 

Hutzler et a 1. 0974) single compa~tment 610 simulated 243 280 indoor 3.6 
household lab 

3-compartmen:_ 260 wastewater 0.6 
' 



Table 3 

. Performance\ 
Indicator· 

Percent BOD 
Removal 

Percent ss 
Removal 
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Removal Efficiencies of Different Reactors 
Treating Residential \<Jastewater 

Reactor Type Individual . Group 
Medians Mean 

Min Max 

Septic Tank 40 75 so 
Anaerobic Filter 10 92 61 
Combined System 18 41 22 

Septic Tank 32 93 58 
Anaerobic Filter 23 96 6Lf 
CombJned sy_s~~!ll 37 73 52 

'" .. -· ~-·· 

Standard 
Error 

43 
63 
19 

59 
65 
44 I 

septic tanks '11ere less obvious in terms of both concentration and slopes of 
the frequency distrihution curves. 

The simplified regression model used influent_ BOD, influent SS, and 
hydraulic detention time as precli.r.tor variables, as these are the only varia­
bles for which sufficient observations are available. The three predl~tor 
variables were incorporated into the model in the form of their linear rela­
tionship to percentage removal as shown below: 

%BOD b + b 1 (ln BOD. ) + b? (ln SS. ) + b
3 

(Tine-1) (1) 
o 1.n "" 1.n _

1 
% SS a

0 
+ a 1 (ln BUDin) + a 2 (ln SSin) + a 3 (TimA ) (2) 

where BOD and SS are in mg/ J., time 1::; 11·1 days, nnd ln rPpr.Asents the natural 
logarithm. The dimensionless intercept constants bQ and a

0
, representing 

sewage containing no SS and BOD, were expected bo be equal to zero, while b 1 , 
a 1 , ·b 2 , auc.l az were nssumed to he pu!;?lLive, and b.1 anr.1 ""i were assumed to be 
negative. 

The general accuracy of the regression model is reflecteu by the uvcrall 
R2 statistic, i.e. the amount of the data variation explained by the variables 
included in the regression model. The overall R2 indicated that the BOD remo­
val model accounted for at least 90% of the variability for 4 out of 5 filters, 
and 6 out of 10 Hel-'tic tankG• as shown in Table 4. The overall R2 for the.SS 
model indicated that it did not account for any ot the filter variability aud 
3 out of 10 septic tanks, lndir.ating that the BOD removaJ is better accounted 
for than the suspended solids removal. 

The over'all F statistic tests the hypothesis that all coefficients of the 
regression equatluu do not significantly differ from zero. An F value having 
significance less than or equal to 0.05 indicates that all coefficients differ 
from zero 95 times out of a hundred, and that the equations model treatment 
efficiency significantly. At the 0.05 level, the BOD removal model was signi­
ficant for 4 anaerobic filters and almost significant for one septic tank. 
'fhe SS removal model was significant for only one out of 10 septic tanks. 

The individual coefficients most often significant at the 0.05 level to 
explain BOD removal were those for ln BODin as compared to the SS or Time 
coefficients (Table 4). The co~fficient b 1 was significant 4 out of 5 times 
for anaerobic filters and 6 out of 10 times for septic tanks. The coeffi­
cients bz, b3, a 1 , a 2 , and a3 were not significant in most of the filter and 



Figure 1 Frequency distribution of ·effluent BOD5 data 
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Figure- 2 'Frequency distribution of effluent suspend·ed sol'ids data 
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septic tank studies, as further detailed by Kennedy (1979). These results 
indicate that influent BOD was significant in determining the percentage BOD 
removal for 80% of the filters and for 60% of the septic tanks. The influent 
SS and time did not significantly ;'t ffe.ct BOD and SS removal ef fieiency. 

Table 4 Results of Statistical Testing 
BOD and ss Model 

Parameter 

BOD Removal Model Coefficient b1 

Coefficient b2 

Coefficient b3 

2 --Overall R accounted 
for ~ 90% variability 

--Overall F statistic 
significant ~ 0.05 

SS Renoval Model Coefficient a
1 

Coefficient. a
2 

Coefficient a
3 

2 --Overall R accounted 
for ~ 90% variability 

--Overall F statistic 
significant < 0.05 

*almost significant at 0.05 level 

Anaerobic 
Filters 

significant 4/5 
neg. 0, pos. 5 
·significant 0/5 
neg. 1, pos. 5 
significant 0/5 
neg. 4, pos. 1 

4/5 

4/5 

significant 1*/5 
neg .. 5, pos. 1 
significant 0/5 
neg~ 2, pos. 4 
significant 0/5 
neg. 4, pos. 1 

0/5 

0/5 

of 

Septic 
Tanks 

significant 6/10 
neg. 0, pos. 5 
significant 1*/10 
neg. 3, pos. 7 
significant 0/10 
neg. 10, pos. 0 

6/10 

1*/10 

significant 1/10 
neg. 2, pos. 8 
significant 0/10 
neg. 1, pos. 9 
significant 2/10 
neg. 7, pos. 3 

3/10 

• 1/10 

The values for the coefficient b 1 were all positive, indicating that the 
BOD removal percentages increase with increasing influent BOD value. The value 
for b2 was positive in most instances, possibly indicating that with increasinp 
influent SS values, a larger portion of the settleable solids are biodegrad­
able. The values for b3 are generally negative, reflecting an increasing 
removal at greater detention times. The values for a2 and a 3 indicate a lar­
ger SS removal with increasing SS influent concentrations and a longer deten­
tion time. 

The values for the regression coefficients of the BOD removal model 
showed a substantial degree of variability. For anaerobic filters, b 1 varied 
between 4 and 19 with an average of the significant values of 1R.5, while for 
septic tanks b1 varied from 8 to 136 with an average of the significant values 
of 12.2. Ar:. an influent BOD of 169 mg/1, :i.. e. the median value for all evalu­
ated systems, the coefficients predict a 95% average BOD removal for 4 out of 
5 anaerobic filters and a 63% average BOD removal for 6 out of 10 septic tanks. 
The average b 1 coefficient for both units is 15.4. When this average value is 
inserted in the model, and the influent BOD concentration is increased from 100 
to 150 mg/1, the percentage BOD removal increases from 77% to 82%, correspond­
ing to an effluent BOD of 34 ami 37 mg/1, respectively. 'thus '{>;rhen the influ­
ent concentration increases 50%, the effluent concentration increases only 9%, 
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indicating that the systems are able to treat the increased organic loading. 

DISCUSSION 

The above results indicate that the BOD removal is better predicted than 
the SS, using the multiple regression model. The influent BOD concentration 
was found to be the most important predictor variable in the percentage BOD 
removal, and it was generally noted that removal percentage increased with 
increasing influent concentration. The other predictor variables were not sig~ 
nificant in most instances. The equations (1) and (2) are somewhat similar to 
those developed by Laak and Crates (1978) for septic tanks: 

BOD t = 4 x BOD. 213 
(3) 

OU 1n 

SS = 2.5 X SS. 2/3 (4) 
OUt 1n , 

a~ thcoe oqu~tion~ ~how an increasing removal percentage at increasing influent 
concentration. When the influent BOD, for example., increases from 100 to 150 
mg/1, the removal percentage increases from 14% to 25%. These removal percen­
tages, however, are substantially lmver than noted in the present evaluation. 
Baumann et al (1978) also r~ported higher BOD removal percentages ranging from 
65% to 80%, and ss'removal percentages ranging from 60% to 50%. Both models 
differ from the empi.rical model develop eel for anaerobic filters hy Young> and 
HeGarty (1%8), who stated that hydraulic detention time (days) was the most 
significant operating parameter: 

%BOD= 100 - 7.5/time (5) 

with higher removals-observed at greater detention time. Their model, however, 
was developed for higher strength waste water. 

Other researchers have also noted that an increasing influent concentra~ 
tion at a constant organic loading resulted in an increasing percentage remo­
val. Jennett and Dennis (1975) noted an increasing removal percentage when 
influent roncentration increased from 4,000 to 16,000 mg/1 at a c6nstant orga­
nic loadi ne. Similar findings were report eel by Chian awl DeWall c. (1977) and 
hy Mosey 0978). Young and McCarty (1968) noted a consLaul: percentage remov.<Jl 
with increasing influent concentration, at a cuu1:>tant organic loading. The 
increasing removal percentage at increasing influent concentration is reflected 
in the effluent BOD values which tend to reach a plateau as shown in Figure 3. 

Full scale anaerobic filters have operated successfully for substantial 
rime periods. ThP. 119 gallon filter studied by Raman and Chakladar (1972) 
consistently achieved BOD removals between 65% and /5% and SS ~:emovRlo.between 
ti5Z and 70% fur 18 monthe b~fnrP sl11nge wa.sting became necessary. The 650 
gallon filter by Hamilton (1975) operated almost four years without clogglug. 

The data discussed in the present study indicate that the anaerobic filter 
can biologically treat settled domestic sewage and need not follow a s~ptic 
tank. Removal of solids by sedimentation. can occur in a preeeding RP..rlimcnta­
tion unit/grease trap but can also be incorporated in the filter using a design 
shown in Figure 4 in which the bottom section of the unit functions as a set­
tling basin where excess solids can be removed by pumping. The bottom section 
contains a dense anaerobic sludge blanket providing for initial degradation. 
Additional substrate removal occurs in the plug flow channels of the filter 
containing attached anaerobic bacteria. The sloped channels also function as 
tub~ settlers to achieve additional solids removal. No plugging has been 
observed in 3 years of continuous operation of a 55 liter laboratory anaerobic 
filter fed with leachate using such media, as most of the biomass was able to 
settle freely through the channels and reach the sedimentation section (DeWalle 
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Anaerobic filter design for treating domestic seyJage. 
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·and Chian, 1976). In addition, large heavy metal removals were observed 
(DeWalle et al, 1979). If constriction of the sludge were to cause channeling, 
the biomass can be fluidized by using an inflow or effluent syphon to provide 
for surges through the unit. The possible higher sewage treatment provided by 
an anaerobic filter as compared to a septic tank may reduce the land area 
required for the drain field. Based on studies with columns of sand, sandy 
loam, and loam, Laak (1974) formulated the land area reduction as: 

Adjusted Area = Standard Area. x \Ycss + BOD)/250 (6) 

while Bernhart (1973) formulated the empirical equation: 

Seepage Area = Flow x (BOD + SS)/120 x Seepage Rate (7) 

When the effluent BOD is 150 and 30 mg/1, values commonly observed for septic 
tanks and filters, respectively (Figure 1) 9 and effluent SS is 100 and 25 mg/1, 
respectively (Figure 2), equation (6) predicts that the drainfield for the 
filter is 0.60 times that of a standard drain area for septic tanks, while 
equation (7) predicts a filter drainfield 0.22 times that of a septic tank 
drainfield. Using the conservative estimate (6), one may typically save $500-
$3,000 for a drainfield area for a single home in a typical urban setting. 
This estimate is based on a drainfield of about 550 square feet for permeable 
soil and 2,300 square feet for less permeable soil, a land price of $1.50 per 
square foot, and a reduction of bbth the drainfield area and the set aside 
area for a reserve drainfield. These savings are partially offset by the 
higher cost of the anaerobic filter construction. Most states, however, cur­
rently do not allow reduction in drainfield area on the basis of effluent 
quality. The above area equations are based on a limited amount of data 
obtained over a restricted range of conditions and should therefore be used 
with caution. 

The evaluation of the literature data shows the lack- of comprehensive 
studies in which the anaerobic filter is compared with the septic tank both 
treating the same sewage over a range of organic loadings. As the anaerobic 
filter data may promise a higher effluent quality as compared to the septic 
tank, further research in this area is urgently needed. 

CONCLUSION 

The present study formulated a simplified regression model predicting BOD 
and suspended solids removal of anaerobic filters and septic tanks treating 
domestic sewage. The evaluation showed that- the BOD removal is most signifi­
cantly predicted by influent BOD and increases with increasing concentrations. 
Effluent BOD values do not show large variations over a range of influent con­
centrations, possibly due to the low organic loading of the units. The model 
predicted higher BOD removals for 4 out of 5 anaerobic filters than for 6 out 
of 10 septic tanks. For those units, the model explained more than 90% of the 

·removal variability. Existing equations predict a 40% reduction in size of 
drainfield using anaerobic filter effluent quality data as compared to septic 
tank data. 
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~ERFORMANCE OF ANAEROBIC FILTERS 
UNDER TRANSIENT LOADING AND OPERATING CONDITTONS 

James C . Y ou.ng 
Civil Engineering Department 

Iowa State University 

ABSTRACT 

Anaerobic filters have been shown in numerous situations to be 

capable of receiving high-strength soluble wastes and of producing high 

treatment efficiencies when operated at·organic loadings well in excess 

of the loading capabilities of conventional aerobic and anaerobic 

systems. Less-well known is the fact that anaerobic filters are capable 

of operating under various transient loading and operating conditions 

without permanent loss of treatment efficiency. For example, such 

extreme actions as passing air through the unit or ~ermitting the pH to 

drop as low as 5.5 or letting the unit stand for weeks to months without 

feed do not cause the filter to lose the ability for rapid recovery of 

its former steady-state efficiency. 

This paper will explore the ability of anaerobic filters to operate 

under extreme variations in -loading and discuss some of the factors 

affecting the performance of filters when subjected to adverse o~erating 

conditions. 
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INTRODUCTION 

Recent investigations have suggested the possibility of using an 
11 anaerobic filter 11 for the treatment of low-strength soluble wastes (1-25). 
In this process, wastes are passed upwar.d through a bed of rocks or similar 
porous media (Figure 1). Biological sol ids become attached to the surfaces 
of the filter media or are trapped in the void spaces in high concentra­
tions so that the long solids retention times necessary for satisfactory 
anaerobic treatment of organic wastes at nominal temperatures can be at­
tained. Also with long solids retention times, low-strength wastes con~ 
taining less than one percent biologically degradable material can be 
treated. Settling and recycle of the effluent solids is not required to 
maintain a high treatment efficiency, and the need for solids separation is 
reduced or ellmlnal~d. Net ~olids synthesis is low~ nutrient requirements 
~ro reducerl Anri solids disposal problems are minimized. The anaerobi~ 
filter then potentially approaches the 11 ide.;~l" waste t:r'E:!dllnent procc~s for 
low-strength soluble wastes. 

The anaerobic filter is a 11 fixed-film11 anaerobic process in which the 
stabilization of waste takes place at the surface of a layer of biological 
solids attached to or held by the filter media. Since flow through the 
filter approaches plug-flow conditions, a high degree of biological ef­
ficiency is approached in this process. ·A high rate of removal occurs in 
the lower levels where both substrate and biological solids exist in high 
concentrations. As the waste flows through successive layers of the 
filter, organic material is removed continualJy by the active biological 
solids in that layer. Biological solids produced in the first regions of 
contact are worked upward through the filter where they become available 
for further waste removal. As the solids are moved into the top, or ef­
fluent end of the filter, the waste concentration becomes low and the net 
rAtP. of growth is negative. That is, biological decay of the accumulated 
microorganisms exceeds the rate ot solids synthe~is. The effluent liquid 
is then highly purified and the cftluent suspended solids con~ist largely 
ofdeadcells which are highly stable and subject to c:::;sentially no fur.ther 
decay. 

The mode of operation of the anaerobic filter is analogous to that of 
a m1mbP.r of reactors in series with. a hiqh rate of treatment' in the first 
unit and polishing and solids separaLion in the ~ub~~4u~nt units. The 
major advantages of such multi-stage anaerobic processes are 1) that an 
effluent can be produced having much lower concentrations of un-utilized 
substrate than is possible in single-stage systems, and 2) environmental 
conditions in each stage may favor the development of a particular group 
of microorganisms and thereby increase the rate of con~Uinption of a par­
ticular compon~nt of a waste. 
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A number of tests have been conducted in which ·anaerobic filters of 
various designs were used to treat a variety of wastes when operating 
under a number of loading and operating conditions (1-25). The results of 
these studies provide an indication of the response of anaerobic filters 
to variations in loading and operating conditions. The purpose of this 
paper is to summarize these responses and to point out how anaerobic filters 
might be designed and operated to minimize adverse effects of transient 
loading and operating conditions. 

STAGES OF ANAEROBIC FILTER OPERATION 

The operation of anaerobic filters can be divided into two stages-­
start-up and steady-state-- which are affected differently by variations in 
loading and operating conditions. 

Starting the Process 

Start-up of an anaerobic filter probably is the most di:fficult period 
of operation. Start-up times in experimental and full-scale units has 
ranged from 10 to 180 days with the shorter times corresponding to tHe use 
of l;~raP. amounts of active seed while the longer timeswereassociated with 
the use of 1 ight seeding. 

Detailed analysis of the action of the process during start-up has 
indicated three factors of importance. First, the slow growth of anaerobic 
microorganisms, especially at low waste concentrations and at temperatures 
below 30"C, does not permit rapid build-up of biological solids. Conse­
quently a large seed mass is needed for rapid start-up. 

Secondly, 'decreases in the buffer capacity of the wast~ so that the pH 
drops below about 6.5 at any point within the filter for even short periods 
of time increases the starting time iignificanrly. · 

A third factor affecting start-up time is related to the physical 
characteristics of the biological suspended solids within the filter. 
During the early stages of operation, a significant fraction of the bio­
logical solids remain finely dispersed throughout the liquid phase and a 
significant fraction Wdshes out with the filter effluent. At some time 
after initi~l seeding,flocculation of the biological solids occurs in the 
filter and the solids washout rate decreases, thereby increasing both the 
rate of active biological solids accumulation and the rate of waste treat­
ment. 

The optimum method of seeding a filter is not known. Large seed 
volumes help to start the filter more rapidly by providing a large viable 
microbial population, and the large amounts of suspended solids help to 
promote the surface adhesion and flocculation which seem to be essential to 
good operation. However, using larye seed volumes may also r.ontribute 
significant amounts of inert volatile and non-volatile solids which only 
tend to plug the filter and reduce its effectiveness for treating wastes. 
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"Steady-State" Operation 

After a constant gas production rate is achieved, the soluble COD 
concentration at eac~ filter h~ight may remain essentially constant, but 
the rel~tive concentration of the individualvolatile acids may continue to 
change sl·ightly. Thus a true biological steady-state condition may never 
exist in the anaerobic filter. However, the effect of the relative changes 
in individual volatile acids on total COD removal. is sufficiently small so 
that for all practical waste treatment applications the period of constant 
gas production may be referred to as "steady-state•• operation. In plant-·· 
scale operation, these minor fluctuations would be negligible compared to 
the influence of normal variations in influent waste strength and compo­
sition. 

A constant COD removal efficiency or gas production rate also does not 
necessarily indicate that there is a steady-state concentration of biolo­
gical solids in the filter. The solids retention characteristics of the 
filter are such that biological solids may acc_umulate continually until 
the filter becomes filled and a break-through of biological sol ids occurs 
in the effluent. Once "steady-state" is attained, most of the additional 
solids accumulating in the filter contribute little to additional COD re­
mova 1. 

Anaerobic filters are most resistant to changes in loading or operating 
environment such as pH changes or temperature fluctuations during "steady­
state" operation. 

"Steady-State" Treatment Efficiency 

Hydraulic detention time appears to be a more significant operating 
paramenter1 than ei~her waste strength or organic loading (Figure 2). BODL 
removal efficiencies are shown to be quite high at the lower hydraulic 
detention times but decrease as hydraut'ic detention time decreases. This 
relationship is the same when treating wastes containingarili-:xtu.reo.fvolatile 
a~ids (V.A.) or a complex mixture of proteins and car~ohydrates (P.C.). The 
data shown in Figure 2 essentially all fall on a line described by the 
followi.nq equation · 

where: 

E = 1 00 ( I - !.) 
T 

E = BODL removal efficiency, present 

~=A proportionality constant, hours 

T = Theoreiical hydraulic detention time, hours. 

(I ) 

A~though Equation is onl.y .:~n empirical description of waste removal in 
the filter, its applicability over a wide range of organic loadings and 
waste strengths for both volatile acids and protein-carbohydrate wastes, 
suggests that the relationship is fairly general. The efficiency can be 
predicted by Equation 1 to within about 5 percent for the .range of loading 
conditions represented. However, the coefficient,~, would be expected· 
to apply only to the experimental filters from which the data were 
obtained and should not be used for making performance pred_ictions for 

·. :.:· 
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other filters wiihout verification. 

Since 

and 

where s 
s 
£ 

E = 100 (S - S )/ S o · e o 

T = EV/Q 

= influent BODL concentration 
0 

= effluent BODL concentration e 
= porosity of filter media 

v = Volume of reactor tank 

Q = flow rate 

Equation (1) can be rearranged to give the following expression: 

s 
e 

<P s Q 
0 =----

EV 
= ~I L (2) 

where L is the organic loading to the filter in mass of BODL per day per 
unit total volume. 

It also must be recognized that these data represent soluble BOD only, 
and the contribution of effluent suspended solids to the effluent quality 
must be considered. With six-foot (1.83 m) .tall laboratory filters this 
was a relatively minor contribution, while for shallow filters the effluent 
suspended solids may significantly decrease the effluent quality. High 
effluent suspended solids concentrations were reported by Plummer et al. 
(3), but it was not clear whether this was caused by the use of shallow 
filters or by the treatment of high-solids-producing carbohydrate waste at 
h~h hydraulic and organic loadings. 

TRANSIENi LOADING AND OPERATION 

There are three major types of transient loading or operating condi­
tions that can affect filter performance: 1) variations in loading as a 
result of changes in flow rate or waste strength, 2) intermittent operation, 
and 3) changes in pH, temperature and waste composition. Other factors 
such as the influx of organic toxins or heavy metals also will affect 
performance but will not be discussed in this paper. · 

Variations in Waste Loaqing 

Tests by a number of investigators (2, 12, 14, 16) have shown that 
anaerobic filters can readily a~cept variations in load--caused by changing 
either or both the flow rate or the waste strength--without being upset 
permanently. Equation 2 suggests that changin~ the flow rate and waste 
~trength simultaneou~ly so that the organic load remains constant will not 
cause the effluent BODL to change. However, this says, and is verified by 
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Equation 1, that for equal loading conditions, the BODL removal efficiency 
will Jncrease as the waste strength increases. Read another way, Equations 
1 and 2 suggest that the 11 stead·y-state11 effluent BODL concentration wi 11 
vary directly with changes in influent BODL if flow rate is held constant 

·or in proportion to the flow rate if waste strength does not change. Data 
from a number of investigations support this c~nclusion(2, 10, 1~, 16). 

Short-term loading increases having a duration of one or two hydraullc 
detention times can b~ expected to produce only slight, short-term changes 
in effluent quality or gas production. Long-term ~hanges, however, will 
cause the COD and vol~tile acid profiles, ~nd no dou~t the population dynamics 
and sol ids concentrations, to shift unt i 1 a new 11 steady state•• level of per­
formance is reached. Fo~r-fold instantaneous increases in loading have 
caused no permanent adverse effects on filter performance. This response is 
illustrated in Figure 3 where the loading was incre<:~scd by changing the flow 
rate and maintaining the influent COD at 3000 mg/1. Gas productio~ doubled 
within two days after the loading increase and increased gradually for 
twenty additional days of operation. A slight decrease in the methane content 
of the gas and <:1 corresponding short-term deterioration of effluent quality 
paralleled this short adjustment until a new 11 steady-state11 level of per­
formance was achieved. 

Analysis of COD profiles throughout the height of a filter during a 
loading change have shown that during the early stages of adjustment there 
is a rapid decrease in the total COD until a equilibrium treatment level is 
reached. However, the relative concentrations of propionic and acetic acid 
continue to shift for a longer period of time (2). 

The slow rate of growth of methane formers at COD concentrations below 
about 1000 mg/1 BOD may limit the usefulness of anaerobic filters for 
treating low-strengh wastes. Relatively efficient treatment of wastes 
having a BODL of 375 to 750 mg/1 has been accomplished when decreasing the 
influent concentration to a filter that had previously been operating satis­
factorily at higher waste concentration. Thus the microorganism mass would 
not have been the same as would have developed naturally if the filter w,re 
started using the 375 mg/1 concentration. Heating the water to 30 to ]5°C 
can possibly overcome some of these limitations, but heating normally would 
not be economically feasible. Design changes and improvements such as the 
use of smaller media or different reactor configurations also can possibly 
provide improved treatment of such low-strength wastes. 

l_n_tE)rmittent Ope rat in~. 

Rapid response capability to increased loadings suggested the pos­
sibility of operating anaerobic filters intermittently. This possibility 
has been tested by several investigators (2, 7, 14). The effect of stop­
ping all flow and load to filters for several days is illustrnted in Figure 
/~. After 3 days of down-tillle-- as 1niyht be used in practice for weekend 
operation--there was essentially no loss in COD removal capability or gas 
production efficiency upon restarting at full load. After fourteen days of 
down-time without feed, the COD removal efficiency decreased to a greater 
extent, but full COD remqval capacity and gas production wereachieved after 
only three to four days of operation. 
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Longer ~eriods without feed might be expected to produce a low quality 
effluent for quite a long period of time after restoring waste load. How­
ever, after standing idle for six months, one laboratory-scale filter 
reached an· immediate 50 percent BOOb removal when fed a 2740 mg/1 BODL milk-· 
base waste at a loading of 48 lb BO L/1000 ft3/day (0.77 kg/cum/day) (22). 
A BODL removal efficiency of 90 percent was reached within 16 days, and 95 
percent efficiency was achieved in 24 days. Rapid start-up after l to 4 
months of inoperation has been reported when treating potato processing 
wastes (4, 12). Wastes from industries operating only a few days each week 
could then possibly be treated with an anaerobic filter on an intermittent 
cycle and no special restarting procedures would be required. This method 
of operation is not possible with either conventional digesters or anaerobic 

'activated sludge, which, in fact, require a somewhat continuous feed rate to 
be operated satisfactorily. 

pH, Temperature and Waste Composltlurr 

Anaerobic filters are most sensitive to pH changes during start-up. At 
this stage, a decrease in pH to 6.5 or lower can increase the time of start­
up significantly (1, 2). Once "steady-state" operation is achieved, filters 
become quite resistant to pH changes. Rapid recovery has been observed in 
filters exposed for a 12-hour period to pH levels as low as 5.4 (8). Ex­
posure to pH levels of 9.3 for as·long as 4 days has caused only temporary 
loss of treatment efficiency. While COD removal and gas production were 
impaired at these extreme pH values, the filters recovered completely within 
one to two days after restoring pH to normal levels. Thi$ assumes of course 
that the pH drop Is c~u~ed by changes in waste characteristics and not by 
upset of the methane forming microorga'nisms by toxic materials. 

Temperature 

Although it normally is not economical to heat low-strength wastes, 
a number of situations exist in which heating might be desirable. For 
example, limited heating could be used to maintain the temperature of the 
filter contents during cold weather. For some wastes, sufficient methane 
may be produced to heat the waste significantly. Some wastes are naturally 

.warm and heating \>Jc,uld not be required. 

In general, anaerobic filters are expected to perform best at tempera­
tures greater than 25°C. Filters have been used successfully to treat potato 
prut;ttssina w.J~tes at tP.mperatures as low as l9°C (7), but too little infor­
mation is available from which to draw slgnlrit:.ant eonclu!:>ions ~h011t the 
effect of lower temperatures on filter performance. Too little data also are 
available to indicate filter respon~e to rapid changes in temperature. 

Waste Composition 

Variations in waste composition are expected to produce little adverse 
response in anaerobic filters unless there is an associated influx of toxic 
mater i.a 1 s. 
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With high-protein wastes, a large part of the needed alkalinity may be 
provided by the ammonium carbonate formed during first-stage anaerobic 
decomposition. However, the concentration of protein waste is limited to 
about 10,000 mg/1 BODL before this ammonia can become toxic to the methane 
forming microorganisms. 

The composition of the waste significantly affects the solids produced 
in the system. Since synthesis of biological solids is greatest with carbo­
hydrates, biological solids would accumulate much faster when treating 
carbohydrate wastes; and at high loadings severe problems of plugging or 
solids washout might be encountered. In studies 'to date no situation has 
been reported in which a filter used for organic carbon removal has become 
plugged beyond use. However, high effluent solids concentrations have been 
measured when treating carbohydrate wastes (2, 3). Periodic wasting of 
biological solids from the process would be advisable to prevent the filter 
from being filled with solids. With fat, fatty acid, and protein wastes 
solids synthesis is so low that the accumulation of biological solids is 
almost negligible. · 

SUMMARY'AND CONCLUSIONS 

Anaerobic filters have been shown to provide efficient treatment of 
low-strength soluble organic wastes at nominal temperatures and without '· 
the need for solids separation and recycle. Once start-up is accomplished, 
anaerobic filters are much more resistant to variations in waste load and 
environmental factors such as pH and temperature than are conventional 
completely mixed anaerobic digesters. Laboratory-scale filters have shown 
rapid adjustment to four-fold surges in influent load. 

Anaerobic filters can be operated intermittently. Both laboratory and 
full-scale units have shown rapid recovery of waste conversion and gas 
production after down-times ranging from 3 days to more than 6 months. 

This ability to accept wide variations in load, waste ·characteristics 
and operating conditions and the ability to recovP.r rapidly after per lods 
without feed, n~kes anaerobic filters an attractive alternative for 
treating low-strength soluble organic wastes as might be required for 
pretreatment of industrial wastes prior to th~ir discharge to a domestic 
sewerage system. 
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ANAEROBIC FLUIDIZED BED TREATMENT 
OF THERMAL SLUDGE CONDITIONING DECANT LIQUOR 
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ABSTRACT 

A pilot scale study of the fluidized bed anaerobic treatment of 

decant liquors from Thermal Conditioning of a combined municipal/brewery 

waste sludge was carried out in Jacksonville, Florida. The return of 

these high strength decant liquors to the activated sludge plant for. 

treatment has caused process upsets and has resulted in high energy 

costs for the aerobic treatment of the liquors. The study was performed 

to assess the applicability of fluidized bed anaerobic treatment to decant 

liquors and to provide data on the cost and energy production which may 
I 

be expected from a full scale system. 

The pilot study was ,carried out over a several month period in 1978. 

Feed to the pilot fluidized bed reactor was decant liquor from the full 

scale thermal sludge conditioning system. V~rious loadings·and recycle 

rates were investigated along with intermittant feeding studies to simu­

late full scale system conditions. Parameters me<!sured included total 

and soluble BOD, total and soluble CpD, pH, Volatile Acids, Alkalinity, 

TSS, Temperature, Gas Production rate and gas composition. 

Results of the study indicated that after acclimation the anerobic 

fluidized bed ~reatment system was capable of consistantly acheiving 

over 70% COD reduction and good gas produ.ction while exhibiting extremely 

stable operation even under shock loading conditions. Data from the 

pilot study are presented along with cost estimates and energy balances 

for the full scale system. 
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Durin.g the sununer and fall of 1978, a pilot investigation was 

carried out of anaerobic fluidized bed treatment of decant liquor 

from the full scale thermal conditioning system. The reactor utilized 

is shown as figure 1. 

Decant liquor is pumped from the feed tank through the reactor. 

The recycle pump provides the flow necessary to maintain the fluidized 
I 

bed and to control loadings in the desired range. An alkalinity control 

system, pH probe, and heating probe control system pH and temperature. 

A gas meter measures the gas production above the top of the reactor. 

A sand pump is present which funct.jons to prevent the loss of the sand 

media as well as sludge separation. Early in the acclimation phase of 

operation, decant tank effluent was used as the source of feed. The 

feed source was later changed to the decant supernatant from the heat 

treatment unit effluent before reuse water is added. Finally, the feed 

to the anaerobic fluidized bed reactor was heat· treat.mt'ul uu.it effluent 

which was diluted with tap water to result in a ACOD in the range from 

4000 to 5000 mg/1. The feed in the waste feed tank was changed andre-. 

filled every few days to insure a "fresh" source of feed with rea::onably 

constant characteristics. Analyses performed included TCOD, SCOD, total 

alkalinity, bicarbonate alkalinity, vol.atile acids, total suspended solids, 

volatile suspended solids, and pH determinations. BOD's and the analysis 

of the gas produced by the reactor were performed intermittently. 

Results 

The fluidized bed system took approximately six weeks to acclimate 

before gas production was evidenced. The amount of sand which was added 

to the column filled lt to about one··-half of its height when fluidized. 

As a result, the wasting of sludge and recycling of sand media in the 

column was not a concern. The height of the sand varied little, except 

when the recycle flow rate (flux rate) was changed. Representative flows 

during this six-week acclimation period were a recycle flow of 16.5 
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liters/minute and feed flow of 20 milliliters/minute, giving an approxi.­

mate recycle-to-feed ratio of 82S. 

Table 1 summarizes the operational parameters and results for the 

periods of operation in which the operational parameters were held 

constant, the methane in the _off-gas indicative of anaerobic digestion, 

and the effluent characteristics were steady. In all time periods listed 

in Table 1 the feed was daily, except the fourth time period in which 

the feed was intermittent. Recycle was continuous and the feed rate was 

controlled by a timer on a feed pump which allowed lS-minute increments 

of pumping. 

The operation of the column was observed to ·be stable. 

various periods of stable operation, the temperature of the 

the system had an overall range from 31° C to 38° C. The pH 
l 

During the 

liquid in 

of the system 

was stable. pH adjustment was not required during the study, as the 

system maintained a tolerable pH. The pH ranged from 7.10 to 7.7S, with 

a pH of 7.3S being most representative of the values observed. During 

the stable periods of operation included in Table 1, no alkalinity adjust­

ment was necessary. During these periods, total alkalinity ranged from 

lSOO to 3400 mg/1 as Caco3, with 1800 mg/1 being a representative single 

value. Bicarbonate alkalinity ranged from 1400 to isoo mg/1 as Caco3, 

with 17SO mg/1 being representative over the cited periods of time. 

Total and volatile suspended solids concentrations were determined 

intermittently for both the effluent and feed. Total suspended solids 

in the effluent were approximately 160 mg/1, while volatile suspended 

solids were about 7S percent of the total suspended solids. Total 

suspended solids conc~ntration in the feed were approximately half those 

of the effluent, with the volatile suspended solids concentrations 

approximately 7S percent of the total suspended solids. 

Five-day biochemical oxygen demand (BODS) determinations were made 

intermittently on the effluent and feed. During the second time period 

as listed in Table 1, a BODS determination on the soluble effluent 

(SCOD ~ 2300 mg/1) resulted in a COD-to-BODS ratio of approximately 2(3. 

Determinations on effluents with SCOD concentrations of approxi.mately 

11SO mg/1 resulted in COD-to-BODS ratios of approximately S.2 during the 



174 

intermittent feed phase. Determinations on effluents with SCOD concen­

trations of approximately.ll70 mg/1, taken during the last period of 

operation as listed in Table 6-S, resulted in COD-to-BODS ratios of 

approximately 8.9. Intermittent BOCS determinations on the soluble 

portion of feed samples, resulted in a representative COD-to-BODS ratio 

of approximately 2.0. 

Analysis of the gas produced by the anaerobic fluidized bed column 

was done on a weekly basis by means of gas chromatography. The percen­

tagA of methane and carbon dioxide in the gas produced is approximately 

72 01nr.l 7R pP.rc.ent .. respectively. The percentage of methane in the off­

gas for each period of steady operation is presented in Table 1. Gas 

production ratP.s are presented in Table 1 for each of the operational 

time periods of interest. 

SCOD's were determined for the effluent from the anaerobic fluidized 

bed reactor on a daily basis for the feed to the unit whenever a change 

or addition to the feed tank was made. These SCOD concentrations have 

been averaged for each individual period of steady operation and are 

presented in Table 1 along with a removal percentage calculated. 

The operation of the system during the entire ::.tudy may be described 

as stable. No pH, or alkalinity adjustment was required. Given th~ 

feed, the system literally "ran itself". 

Preliminary Design 

The following preliminary design has been prepared using a COD load­

ing rate of 440 lbs/1000 cf/day. This is a conservative design and that 

even higher loading rates are possible once the process is further optimized. 

DescriptJ..on· Anaerobic Fluidized Bed Design 

Anaerobic t:tca.t.mt:lut uf the heat treat effluent is carried out in 

enclosed reactors. The reactors are arranged into four completely iso­

lated modules, each module consists of three reactors in series. The 

arrangement ensures that if any one reactor is being serviced the plant 

will operate at least 7S% capacity. The series arrangement of the 

reactors within each module gives greater overall removal efficiency 

because of the greater flexibility of this system. The reactors are 

covered by a concrete slab, which also isolates the gas phases between 
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the modules. The ~as is maintained at a pressure of 6"-9" and all 

gas safety and disposal equipment is located on the roof of each module. 

Four independent pumps feed the effluent from the thickening tank to 

the first reactors of each module. Suitable precautions exist to 

ensure that there is no mixing of air with the sewage gas above the re-. 

actor. The effluent from the first reactor is gravity fed through a 

weir to the second reactor in series. The effluent of the second reactor 

is gravity fed to the third reactor and the final effluent from all four 

modules is combined for further disposal. Since recycle is part of the 

system's operation, a main recycle pump (one for each reactor) draws 

liquid from near the top of the reactor and pumps it through the distri­

butor in the bottom, thus fluidizing the sand. Series operation of three 

reactors allows for individual adjustment of the recycle ratio to achieve 

optimum removal rates. Pressure regulators release the sewage gas from 

each module to the proper storage location for futher use. Excess growth 

is removed by a system that consists of a suspended tube sludge separator, 

located in the middle of each reactor, a small PumP and associated piping. 

A preliminary cost estimate was performed for the system described 

above. The installed cost, first quarter 1970 was estimated to be 

$3,436,000. 

Summary 

The anaerobic fluidized bed treatment of decant liquor has been 

shown·tu be feasible. '!'he operation was stable and easy to control eveD 

under intermittent loading. Biodegradable organic removal was high. 

En~rgy balances.are favorable. 
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Time Feed 
Period Flow Rate 
(days) Type of Feed (ml/min) 

11 Heat Treatmem 20.0 
Effluent witho'.lt 

Reuse Water 

8 Heat Treatmen: 50.0 
Effluent Dil~·ted 

with Tap Wa!er 

13 Heat Treatment 16.7 
EHiuent Diluled 
with Tap Water 

14 Heat Treatment 16.7• 
EHiuent Dilu'tec 
with Tap Water 

15 Heat Treatment 8.3 
E !fluent Diluted 
with Tap Water 

• Flow rate on days feed1"9 svstPm only 
Based on total number d <1,1vs 

Recycle 
Flow Rilte 

(I/ min) 

8·.7 

9.2 

9.2 

9.2 

9.2 

·'\ 

Table 1 

SUMMARY OF OPERATIONAL PARAMETERS AN.D RESULTS 

FOR PERIODS OF STEADY STATE OPERATION 

IN THE ANAEROBIC FLUIDIZED BED REACTOR 

Average A 'I!! rage Loading Rate Average 
Feed Effluent SCOD lb. SCOD ·~a·; Gas Gas ISCOD Methane 

f':ecycle ·Feed Flux SCOD SCOD Removed 1000 ft. Production Pr:fducP.d IDeSlrov ed in Olf·Gas 
Rat10 (gpm/11.2) ~ ~~ (%) fluidiZed med13 ll:davl (!t. !lb.COD Demovedl FS) 

435 10.6 9386 4825 48.6 1195 45.2 5.52 71 

184 11.2 5001 2507 49.9 1664 54.B 4.89 70 

551 11.2 4115 1288 68.7 479 18.B 4.42 71 ...... 
....... 
....... 

SHOCKING PHP.SE 12 days feed · 2 davs no feed) 

551 11.2 449B 1'130 74.9 262 9.4t 3.5B 74 

1104 11.2 4408 1129 74.4 268 9.4 3.83 70 
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Table 2: Full Scale Preliminary Design 

Loading Rate lbs COD/1000 ft 3-day 

Hydraulic Detention Time, days 

Sludge D~tention Time (SRT), days 

Reactor Volnme, ft 3 

Surface Area, ft 2 

Methane Gas Produced, ft 3/day 

. Energy Produced 

Horsepower required 

/ 

Hy-Flo 

440 

0.7 

60 

145, QOO 

5,000 

L84 1 000 

284 X 106 BTU/d 

200 
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'TREXTMENT O'f HIGH STRENGTH WASTES 
BY AN ANAEROBIC FILTER 

Eugene J ._ ·nonovan, Jr. 
Hydroscience, Inc .. 

363 Old Hook Road 
Westwood, New Jersey ·07675 

ABSTRACT 

Laboratory studies using smallplexiglass columns and one inch 

pallrings have been used to develop an understanding of the 

anaerobic fil,ter process and to determine treatability of several 

.types of high strength wastewaters. 'The chemistry involved and 

reinoval rates have been defined.. Organic removals a·ccomplished at 

various loadings were. developed for these columns. Pilot scale 

anaerobic filters, utilizing full size 3 1/2" pallrings were 

·operated on a heat treatment liquor for approximately 12 months to 

develop ,d.esign .parameters for anaerobic filt·er pretreatment of the 

liquor., prior to return .t·O the aeration basis. Results of these 

s·tudies and an analysis of the da·ta are present·ed in this paper. 

Included are a discussionof experience in starting up the pilot 

anaerobic filt.er and the chemistry involved in maintaining 

•opt imum pH .lev.els • 
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INTRODUCTION 

Hydroscience has conducted resear:ch on the application of the anaerobic 
filter to high strength wastes since 1973. Initial work involved the devel-. 
opment of a model which incorporated a two stage reaction sequence for organ­
ic carbon and organic nitrogen degradation to ammonia. The chemistry inter­
actions occurring in the filter among nitrogen, volatile acids, alkalinity, 
carbon dioxide, and pH, were incorporated. Laboratory anaerobic filters were 
operated on a synthetic high protein carbohydrate waste to obtain data on the 
anaerobic filter performance, and to verify the model. This work was' pre­
sented by Mueller and Mancini ( 1). Their experimental work was conducted 
using laboratory filter columns 4 feet deep with 1. 6 em pall ring media. 
They found that a first order kinetic re<wtion 1·ate described COD redJJction 
in the filters. Rate coefficients from 0.50 to 0.70/g/1-d (volatile suspend­
ed solids) were determined at several loading 1·ates. C~D removals of 90%, 
and greater were achieved at loadings up to 6.4 kg COD/m filter volume. At 
27 kg COD/mj loading, removal fell off to 50%. Most of the biological solids 
growth accumulated in the lower foot of media, however, as loadings were 
increased, solids levels increased in the upper layers of media. Based on 
r3duction in void volume in the filter, _a maximum removal of about 18 kg COD/ 
m /day was proJected for the waste stud1ed. 

Since these studies were conducted, laboratory screening studies have 
been conducted on anaerobic filter treatment of several wastes including a 
pharmaceutical spent fermentation liquor, a brewery waste and the heat treat-

·ment liquor from a municipal sludge dewatering heat treatment system: Large 
pilot scale studies were conducted on the heat treatment liquor to develop 
parameters for an anaerobic filter treatment system, to compare costs with 
alternative aerobic treatment. The main purpose of this paper is to present 
the results of the anaerobic filter heat treatment studies, with a comparison 
of l~b anrl pilot unit performance. The potential application and cost 
benefit of applying an anaet'obic filter to heat treatmenL l.iquo1· is eloo 
discussed. 

Environmental Factors 

The an<~Rrohic filter provides a high sludge age and can be designed for 
operation at a selected temperature. Dependlng on the wnste vull.un~ Rnd 
organic concentration, as well as its temperature, an analyses of the bene­
fit, with respect to efficiency and capital and operating costs, to maintain 
an optimum temperature of 35°C can be made. The methane produced by treat­
ment may supply alJ or part of the energy required to maintain temperature. 
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The optimum pH for growth of methane forming bacteria is between 6.8 and 
7.2, however, a range of 6.0 to 8.0 is generally satisfacto~y. T~e evolution 
of carbon dioxide and formation of volatile acids reduce bicarbonate alkalin­
ity .. In wastes containing significant organic nitrogen concentrations, alka­
linity production from organic nitrogen hydrolysis will provide additional 
system buffer capacity. If the alkalinity, or organic nitrogen in the raw 
waste is not sufficient, supplemental alkalinity must be added. During 
startup, when volatile acid concentration is high, prior to development of 
methane formers, greater supplemental alkalinity may be required to maintain 
pH in the optimum range. 

High pH values in the range of 7.5 to 8 may be significant with respect 
to ammonia toxicity. Various studies have indicated that non-ionized ammonia 
concentrations greater than 30 mg/1 can be inhibitory, with complete inhibi~ 
tion occurring at concentrations greater than 230 mg/1. Control of pH in the 
range of 7.0 to 7 .2, should insure no inhibition due to non-ionized ammonia 
at tot'al ammonia nitrogen levels of 1500 to 2000 mg/1. 

For high strength wastewaters, high inorganic dissolved solids may exist 
and inhibit methane formers. Certain organics at high concentrations can 
also be'" toxic to the methane formers. Acclimation may minimize toxicity. 

· Dilution may be required to successfully anaerobically treat some wastes, and 
in some cases a waste may just not be amenable to anaerobic treatment. Lab 
and pilot studies can be conducted to determine treatability and to ·develop ,~. 

design parameters. 

Heat Treatment Liquor (HTL) 

Heat treatment of municipal primary and secondary sludge is practice~ at 
over 100 plants. The liquor from dewatering the treated sludge contains a 
significantly high concentration of organics, solubilized in the process. 
This load can contribute up to 30% of the raw waste load of the plant, and 
requires therefore, either pretreatment or significant additional capacity in 
the treatment plant. 

The anaero,bic filter was proposed for cost effective, pretreatment of 
this waste.- To develop de3ign pe:H'<:Hneters, and a cost comparison with alter­
native aerobic treatment, anaerobic filter laboratory and full scale pilot 
plants were operated on a typical municipal heat treatment liquor from the 
Columbus bhio Sewage Treatment Plant. The characteristics of HTL are shown 
in Table 1. 

• 
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TABLE 1 

CHARACTERISTICS OF HTL 
COLUMBUS OHIO SEWAGE TREATMENT PLANT 

Constituent 

pH unit 
Alkalinity, mg/1 
Total Solids, mg/1 
Volatile Solids % 
COD, mg/1 
BOD, mg/1 
TKN, mg/1 
NH -N, mg/1 
Voiatile Acids mg/1 

Range 

4.9-5.8 
600-1560 

7390-8460 
55-83 

10160-11540 
3830-6100 
. 840..:·990 

270-390 
1970-2230 

PILOT PLANT STUDIES 

Average 

5.2 
1075 
7735 

71 
10750 
4965 

920 
295 

2085 

Figure 1 is a schematic of the laboratory ~column used. The filter is ·5 
em in diameter and contained 1. 25 m of 1. b em plastic pall l'ing.5 media, 
porosity 85%. The pilot columns, shown in Figure 2 were 60 em square by 3.5 
meters high, and contained 1. 85 m of 9 em (full si~e) plastic pall rings, 
porosity 95%. Temperature was maintained at about 35 C for these studies. 

Startup 

The laboratory column had been utilized for screening studies on heat 
treatmen~ liquor for sever·al months prior to these studiAs, at a loading of 4 
kg COD/rn· /day, and was seeded with volati.le acid and methane forming organ­
ism~. Heat treatment liquor was introduced directly into the lab

3
filter_with 

no additional alkalinity. The loading rate was about 7 kg COD/m /day w1th a 
detention of 0.7 days. (Note: All loadings are based on empty filter 
volume). A chronological plot of influent and effluent characteristics is 
~hown in Figure 3. 

The two·- full scale filter's were seeded with 350 li ter·s of digesting 
sludge. The filter effluent was recycled for about 10 days to bring the 
units to an ~~ifo~m temperature. LO~ding roLe~ were_ set at approx~mately 2.5 
aml 5. 0 kg GUD/m-/doy, wil:;tJ r·~:~.:;p~d.1 v~ rlP.tc:nt10n t1mes of r~pproXlmately 3. 5 
and 1.8 days. A chronological plot of influent and effluent characteristics 
is presented in Figure 4. 

The pH and alkalinity of the influent HTL feed were 4.9 and 600 mg/1 as 
CaCOi' respective~y. Sodium bicarbonate WCJ::> added to the raw wast'e t.n in­
crease alkalinity to about 1800 mg/1, and effluent pH to 6.5-6.7. During the 
second month, effluent COD and volatile acids gradually decreased, and it was 
not necessary to add additional buffering chemicals to the HTL feed. To in­
crease acclimation rate of the pilot filters additional digesting sludge was 
added to the filters about 3 months after startup • 

• 
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Loading Conditions 

Column 1 was operated at a constant load throughout the study, while ·the 
loadings to Column 2 and the lab column were increased in several increments 
during the study. Tables 2, 3, and 4 present summarized operational data, 
after an initial acclimation period, for· the pilot units. Figure 5 illus­
trates the removal of BOD and COD with time through the . study for the pilot 
units. 

The gradual increase in BOD and COD removal illustrate the slow build up 
and retention, within the media ih the pilot columns, of methanogenic organ­
isms. Column 1 appeared to achieve full acclimation after about 100 to 110 
days of operation. Removals in Column 2 were still gradually increasing at 
the end of the study. The lab .column exhibited a high level of removal 
throughou·t the study period, and rapidly accepted increased loadings with an 
increase in removal efficiency. · 

The primary gases produced in anaerobic treatment are carbon dioxide and 
methane. During the study, the methane and carbon dioxide content of gas 
samples were measured, versus soluble COD removal. The following relation­
ships were developed: 

rn3 Total Gas Produced = 0.50/kg CODR 100% 

m3 Methane produced = 0.34/kg CODR 68% 

m3 C02 Produced = 0.15/kg CODR 29% 

The average value of 0.5 m3 gas/kg soluble COD removed is consistent with 
typical gas production, COD correlations found in the literature and in pre­
vious studies. 

Summarizing the results, Column 1 at 3. 7 days detention achieved 80 to 
85% BOD removal and 65 to 70% COD removal; Column 2 at one day detention 
acheived 65 to 75% BOD removal and 55 to 60% COD removal; and the Lab Column 
at 0.6 days detention achieved 80 to 95% BOD removal and 70 to 80% COD re­
moval. The COD removals reflect the non-biodegradable COD fraction which was 
in the range of 10 to 20% of the HTL COD. 

Loading Removal Relationships 

Volumetric 

Figure 6 illustrates the relationship found in this study between COD re­
moval and loading rate to the anaerobic filters. The lab column, which was 
loaded at 2 to 3 times that of the pilot columns, exhibited relatively uni­
form and high removals over the range of loadings studied. Data from another 
lab anaerobic filter study on a highly biodegradable brewery waste is shown, 
and also illustrates uniform removal over a wide range of loadings. The 
pilot columns, in contrast, with the much larger media, indicate somewhat of 
a decline in removal with increasing loading. The actual percent removals at 
lower loadings are also lower than achieved by the lab column. Part of 'the 
decline in removal, with increased loading, may be due to the much slower 
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TABLE 2 

LABORATORY ANAEROBIC FILTER 
OPERATION SUMMARY 

Date Flow Deten. Loading Gas Gas 
( 1) coo< 1 l BOD( 1 ) 

Day Time Rate Prod. 
m3/kg 

Removed Removed 
II 1/d Days kg COD/m)/d 1/d CODR % % 

--- ------

29-33 2.7 .8 6.7 5. 31 . 53 71 85 
49-55 ).4 . 6 7. 1 6. 4 3 . 61 70 92 
57-60 ).0 . 7 6. 3 4. 10 .46 68 92 
71-75 2.9 . 7 11.6 6.92 .40 70 87 
92-96 3. 6 . 6 12.3 10.28 .58 68 88 

113-120 ).5 • 6 14. 4 16.70 . 75 74 93 
120-131 4. 3 . 5 20. 1 19.60 . ~7 81 95 
141-1lJ7 3. 7 • 6 14.0 12.80 .55 79 96 

TABU: 3 

COLUMN 111 
10 DAY AVERAGE OPERATION 

Dat;e Flow Deten. Loading Gas Gas(il COD ("I) BOD( 1 ) 
Day Time Hate I'~Oti. 

m3/kg 
nemovod Romov~rl 

II 1/d Days kg COD/m) /,d m /d CODR % % 

42-51 174 ).90 2.59 . 17 9 .48 21 
52-61 165 4. 12 2. 2 3 . 312 . 62 33 

ft/ 
62-71 107 6.)6 1. 56 .252 .48 49 60 
72-81 124 5. 48 1. 8 4 * 53 66 
82-91 184 3.70 3. u·r .527 .49 52 

r 92-102 179 3.80 2. 7 6 .543 .49 59 67 
103-112 178 3.82 2.37 .337 . 33 63 83 
113-122 180 ).78 2~68 . 613 . 52 65 77 
1 ::>3~133 1qo ).58 2.58 .568 .49 66 80 
134~143 203 3.35 ? . 1 3 • 'HJ2 . 4 I G4 Oli 
1 it4- i 4 8 180 3.78 1. u9 . 175 .22 68 H'5 

TABLE 4 

COLUMN 112 
10 DAY liVERIIGli: OPERATION 

Date Flow Deten. Loading Gas Gas( 1 ) COD(l) BOD ( l) 
Dey TimO? Rn t.P.. rsQc;l, 

m3/kg 
Removed Remov e.d 

II 1/d Days kg COD/m.:l/d m /d CODR ~ ~ 
------ ··-"-~·---

42-51 350 1. 94 5. 21 . 187 . 31 17 
52-61 284 2.39 3.U'i • ~II I .211 39 
62-71 210 ).24 ).06 .402 . 51 38 45 
72-81 170 4.00 2. 53 . 3 1 4 .42 43 57 
82-91 268 2.54 4. 47 .592 . 41 47 
92-102 21'>3 2.59 4.06 .729 .46 58 56 

103-112 245 2.78 ).25 . 45 1 .39 52 74 
11]-122 272 2.50 4.05 .7)5 .57 47 74 
125-139 717 0.95 8.75 1. 230 .40 52 66 
140-148 988 0.69 9. 39 1. 360. .)9 55 78 

• Meter not operating 

(l)Based on influent total and effluent filtered 
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buildup of organisms in the pilot columns, and increased removals might be 
expected given a longer period of operation at the higher loadings. 

Mass 

At the conclusion of the studies, the filter media was removed and a 
determination of the solids, both t:~ttached and suspended was made. The 
following table presents these results. 

A high percentage of the solids in Column 1 were suspended in the bottom 
60 ern. Column 2 had a fairly uniform distribution of both attached and sus­
pended solids throughout the column. The lab column had significantly more 
attached growth in the bottom section of the filter. On an average mass per 
unit volume basis, the lab column had about 3 to 3. 5 times as much attached 
growth as did either of the two pilot columns. 

Dye studies conducted on the t_wo pilot columns showed a high degree of 
mixing. This was attributed to the turbulence generated by gas production 
and thermal currents in the filter. Volatile acid measurements at various 
depths during the study, as shown in Figure 7, indicated a fairly uniform 
distribution throughout the filter, particularly in Column 2. Undoubtedly, 
there is a somewhat higher rate of removal in the first foot, however, the 
uniform distribution of volatile acids, the mixing indicated _by dye studies, 
and solids accumulation, tend to indicate that the total filter volume is 
contributing to COD removal. 

Thus, for purposes of developing a removal rate as a· function of solids 
content (a first order kinetic relationship), it was assumed that the filters 
acted as completely mixed reactors. Based on the solids measured and re­
m6vals being achieved .at the very end of the study, Figure 8 was developed. 

The average non-biodegradable COD of 1200 mg/ l was used as the origin. 
Column 1 removal rate ,was quite low, however, the lab column and Column 2 
data show fair agreement. The reaction rate of 0.0004/mg/1-d (total suspend­
ed solids), 0.00056 volatile solids basis', was similar to that found by 
Mueller and Mancini in their evaluation of plug flow anaerobic filter data. 
The low rate in Column 1 is i.ndicative 'of the high solids concentration in 
the lower foot being essentially inert solids which were not "washed out" of 
the filter as apparently was the case with Column 2 at the higher flow rate. 

The difference in removal between the two pilot columns, and with higher 
rates reported elsewhere, can be related to the mass of methanogenic organ­
isms retained in the filter, after the period of operation. 

ANAEROBIC FILTER DE3IGN 

General Considerations 

The development and retention of methane forming organisms is the appar­
ent factor relating to the differences in removals seen between ~he lab unit 
and the pilot columns. The greater solids concentrotion 1·etaiued by the 
small media in the lab column resulted in the greater removals per unit of 
volume. The practical consideration of media cost and solids plugging, tend 
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to favor the use of the larger media for a full -scale plant, accepting some­
what lower removals and lower volumetric loadings than with the smaller lab 
type media. 

Sizing and Estimating Removal Efficiency 

Table 6 presents a summary of the pilot study results and selected design 
parameters. 

Based on the overall results of these studies, and based on a HT~ waste 
COD concentration of 10,000 mg/1, a volumetric loading of 6.5 kg COD/m /d was 
selected. This ·loading would

3 
result in 1. 5 days detention. Assuming a 

solids concentration of 10 kg/m , the loading on a solids basis would be 0.65 
kg COD/kg Solids/day. 

COD removal in the range of Ci5 to 65% COD, and 75 t.o ~~% BOD were JJI u-­
jected for a full scale installation. Figure · 9 shows the proposed flow 
schematic of the anaerobic filter. Elements included in the anaerobic filter 
include the digester, filter media, liquor heating and cooling system, pump 
station, and gas collection and burning equipment. The heat treatment liquor 
at about 60°C would require cooling in sumrner·, while under severe winter con­
ditions auxiliary fuel may be required to maj_ntain 35°C temperature in the 
filter. 

Cost Comparison 

A preliminary. cost evaluation was made. The cost .of the anaerobic filter 
system is compared with the incremental cost to incr·ease the treatment 
plant's aeration system, and with a separate aerobic system for the HTL. 

Table 7 pr~sents the preliminary cost estimates. The incremental cost 
for an aprohic treatment plant were developed based on capuelLy designed tnto 
a 15 MGD plant. Costs are for the additional basin and aeration, cap.:1oi ty 
required for aerobic treatment, and the additional sludge handling capacity 
in the heat treatment reactor, sludge holding tank and vacuum filter, re­
quired to handle the additional sludge load of about 640 kg per day. Opera­
tion and maintenance costs include costs for power, maintenance, labor, and 
slndgP. handling, 

An estimated co~t for a sep;;~rr~t~ aerobic1 pretreatment system consisting 
of aeration basin, aeration equipment, clarification, and sludge return pump­
ing, with the sludge handling incorporated into enlarged treatment plant 
faoilit ies wr~::; · developed. The cost of a sep'arate system is considerably 
greater than incorporating additional capac lLy .i11tu a plant det::.ig11. 
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TABLE 5 

SOLIDS IN PILOT C0Lut1NS kg/m3 
(Attached Plus Suspended) 

Depth em Column 1 Column 2 

183 (7.2) Est. (10.4) Est. 
152 7.2 10.4 
122 6.6 10. Ll 

91 7.5 10.0 
60 . 15.8 6.5 
30 51.8 7.-5 

Empty Bed Avg. Cone. 16.2 kg/m 3- 9.20 kg/m3 

Bed with Media 
kg/m 3 8 .'7 kg!m 3 Avg. Cone. 15.2 

% Suspended Solids 49 6 

% Attached Solids 51 94 

TABLE 6 

SUMMARY OF RESULTS 

Pilot Pilot 
Column Column 

1 2 

Detention Time Days 3.5-4.0 0.7-2.5 

Loading 
Volumetric kg COD!m 3!d 2.5 4 to 9 
Mass kg COD/kg/d <O. 1 0.4-0.7 

Solids Concentration kg!m 3 15.2 8.7 

% BODT-F Removal 85 65-75 

% CODT-F Removal 60-70 50-60 

Gas Production m3/kg CODR 0.46 0.44 

Gas - % Methane 0.67 62 

Lab Column 

Lab 

20.8 

30.6 
35.6 

31.0 kg/m3 

26.4 kg/m 3 

3 

97 

Design 

Column Selected 

0.6 1.5 

12 to 20 6.5 
0.2-0.3 0.65 

26-.4 10 

80-95 70 to 80 

70-80 55 to 70 

0.55 0.5 

65 

, .. 

.;.·\ 
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TABLE 7 

COST ESTIMATE COMPARISON 
HEAT TREATMENT LIQUOR - 340 cm/d; ~0,000 mg/1 COD 

1978 COSTS 

Capital 
Cost 

Operating 
Cost 

ANAEROBIC FILTER 

A. 

B. 

No Credit for fvlethane 

Credit for Methane 

AEROBIC TREATMENT 

A. 

B. 

Incremental Plant Cost 

Separate Pretreatment 

SUMMARY· 

$ 470,000 

$ 470,000 

$ 541 '000 

$1.0]6,000 

$ 28,400 

-17,000 

$ 53,200 

$ 6~.nno 

Pilot plant and laboratory studies show that significant removal of 
soluble organics from a high strength sludge heat treatment liquor can be 
achieved at relatively low hydraulic retention times' of 0.5 to 2 days. A 
comparison between results using a laboratory filter containing relatively 
small media and capable of retaining a much higher solids concentration of 
attached growth, with a full scale pilot plant utilizing typical larger media 
has been presented. 

The identific8tioli of l:.l po.5:sibly more su:i t.abl e cost effective media to 
result in maximizing solids retention is an area which requires further 
study. The economics for anaerobic treatment of sludge heat treatment liquor 
compared to aerohic treatment appear quite favorable. 

The application Of the "'nae1·obi.c filter to ot.hP.r high strength soluble 
nrganic wastes continues to appear quite promising in light of these pilot 
plant results as well as oth~r anaerobic filter ~tudics. A prPlfminary eval­
uation of potential economic benefits and treatability studies with lab and 
pilot scale units would be recommeCJded for ~izing an anaerobic filter system 
for a p~rticular applicallun. 
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DEVELOPMF.NT OF A WASTEWATER TREATMENT SYSTEM 
BASED ON A FIXED-FILM, ANAEROBIC BIOREACTOR* 

R. K. Genung and W. W. Pitt, Jr. 
Chemical Technology Division 

Oak Ridge National Laboratory 
P.O. Box X, Oak Ridge, Tennessee 37830 

G. M. Davis and J. H. Koon 
Associated Water and A~r Resources Engineers, Inc. 

P.O. Box 40284, Nashville, Tennessee 37204 

ABSTRACT 

Oak Ridge National Laboratory is developing an energy conserving waste­
water treatment system based on a fixed filni anaerobfc bioreactor. The treat­
ment process is based on passing wastewaters upward through the bioreactor for 
continuous treatment by gravitational settling, biophysical filtration and bio­
logical decomposition.· A· two-year pilot plant project using a bioreactor 
designed to treat 5,000 gallons per day has been conducted using raw waste­
water on a municipal site in Oak Rfdge, Tennessee. Data obtain~d £or the per­
formance of the bioreactor have been analyzed by ORNL and Associated Water 

--a.-n:<r Air "Resou-rces --Eri-gine~;::-8 (AWARE)~- Inc.- -of'--Nashvilie, -Tennessee. Fro~ these 
-a~alyses it was estimated that hydraulic loading of 0.2 gpm/ft2 and hydraulic 
residence time of ten hours could be used in designing such bioreactors for 
the secondary treatment of municipal wastewater. Conceptual designs-- -for -tot-al 
treatment systems processing up to one million gallons of wastewater per day 
were developed based on the perforni.ance of the pilot plant 'Qioreactor. These 
systems were found to consume as little as 30% of the energy required by 
activated sludge systems. The economic advantages of the process result from 
the elimination of aeration and with significant decreases in sludge handling 
costs. Methane produced during the treatment process represented a significant 
and recoverable energy production term. 

To support its goal of commercializing the process, ORNL is presently 
engaged in developing a 50,000 gpd wastewater treatment system based on the 
conceptual design developed by ORNL and AWARE. This project will be conducted 
jointly with the City of Knoxville, Tennessee both for demonstration pur­
poses and for continuing research and development with the process. 

*Research sponsored by the Division of Buildings and Community Systems, U.S. 
Department of Energy under contract W-7405-eng-26 with the Unlun Carbide 
Corporation. 
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INTRODUCTION 

The Oak Ridge National Laboratory (ORNL) is developing a wastewater 

treatment -system based on an anaerobic, fixed-film bioreactor. The ANFLOW 

process (an acronym derived from the anaerobic, upflow mode in which the 

bioreactor operates) has been evaluated during a two-year pilot testing 

program at a municipal site in Oak Ridge, Tennessee using a bioreactor 

designed to treat 5000 gpd of municipal wastewater. ORNL was assisted in 

evuluating the enoinP.P.ring applicability of the process by Associated 

Water and Air Resources Engineers, Inc. (AWARE). AWARE also developed 

conceptual process designs for total treatment systems based upon the 

performance of the pilot-scale bioreactor. These designs were prepared 

for flows o.f 0.05 and 1 mgd for typical domestic wastewaters to meet 

secondary treatment criteria. These designs were used as a basi's for 

estimating capital and operating costs for the system; these costs were 

compared to the costs for treatment using activated sludge, a conventional 

treatment system. 

To support its goal of commercializing the ~rocess, ORNL is presently 

engaged in developing a 50,000 gpd wastewater treatment system based on 

the conceptual designs developed by ORNL and AWARE. The project will be 

conducted jointly with the city of Knoxvil Je, Tennes5ee~ uoth for nemon­

stration purposes and for continuing research and development w1th the 

process. 

\ 
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BACKGROUND 

The 5000 gpd pilot-plant wastewater treatment system was designed 

during the summer of 1976 as a joint venture between ORNL and the Norton 

Company (Akron, Ohio). It was installed with the cooperation of the city 

of Oak Ridge in the late fall of 1976, and operated by ORNL for 2 years. 

The primary motivation for this joint effort was the development of a 

new technolngy which could reduce the increases in costs and energy con-

sumption required by the passage in 1972 of Public Law 92-500 (and by 

PL 92-500 as amended by the Clean Water Act of 1977). Other background. 

for this development and early performance data for the process have 

been previously reported (1-5). 

DESCRIPTION OF PILOT PLANT 

The pilot plant was based on the flowsheet shown in Fig. 1. The 

bioreactor, a cylindrical tank constructed of fibergiass, was 5 ft in 

diameter arid 18.3 ft high; it contained 10ft of packing (200 ft 3), 

which consisted of l-in. ceramic Raschig rings. Both the bioreactor and 

the packing were supplied by the Norton Company. The bottom of the column 

was a 45° cone with a flanged outlet; a 4-iri. gate valve was installed on 

the cone flange. Nozzles for feed inlet and gas outlet extended through 

the tank wall. The column was surrounded by 4 in. of insulation; all 

external piping was insulated with electrical traces. There were thermo-

couple taps near the top and bottom of the packed section, and a U-tube 

manometer tap at the top. An overflow weir and a collection trough in 

the top of the column were designed to remove effluent from the center 

of the tank. 

\ 

'· ,<• 
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OPERATION AND PERFORMANCE SUMMARY 203 

Feed Flow Rates 

The pilot plant was designed tn treat a nominal flow rate of 5000 

gpd; as shown in Fig. 2, feed flow ·rates ranging from 1000 to 7000 gpd 

were actually used to investigate the bioreactor•s response to a range 

of hydraulic loading rates (HLRs). Notably, the HLR corresponding to 

a feed flow rate of 7000 gpd at the pilot plant is approxi.mately 0.25 

gpm/ft2. Feed flow rates were maintained at constant levels for extended 

periods to evaluate bioreactor performance under steady-state conditions. 

Effects of diurnal variations in flow rates were br~efly examined with 

no· noticeable effect on bioreactor performance observed. These i nvesti­

gations will be continued in future work. 

Temperature, pH, and Gas Production 

The temperature and pH levels of the wastewater fed to the bio­

reactor are summarized using monthly averages in histograms in Figs. 3 

and 4. Temperature variations followed seasonal cycles and ranged from 

10 to 25°C. Column effluent temperatures closely followed the tempera-

tures of the raw sewage except for the period of January through April 

1977, during which a contingency preheater was used to prevent feed from 

freezing in external pipelines. This practice was discontinued after 

early problems with clogging of the flow-control valve were eliminated . 

. Neither feed nor effluent pH levels differed significantly from the 

value of 7 durinq the projP.r.t. As would be expected, the ~.woduct1on of 

volatile acids by the anaerobic digestion processes in the biot'eactor 

caused effluent pH values to be measurably lower than feed values. In 

colder months; these acids were not efficiently converted to methane and 

tended to be discharged with the effluent, th~s causing gre~ter pH 
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differences between feed and effluent durih~ these months than in warmer 

months. 

On several occasions, there were pH disturbances (probably associated 

with discharges of upstream metal-plating industries) in the feed lasting 

as long as 8 hr during which pH levels reached lows of 3 and highs of 10; 

these disturbances were dampened by the column and were observed to alter 

effluent levels by less than 0.5 pH units. One hypothesis proposed to 

partially explain the bioreactors resistance to these disturbances is 

that outer layers of the films attached to the packing absorbed the pH 

insults, possibly sloughing off as sludge for future removal and leaving 

protected film layers behind as a regeneration mechanism for the bioreac­

tor. 

Gas production rates measured during the project are summarized in 

Fig. 5; these rates reached monthly averages exceeding 100 liters/day. 

Methane concentrations in the bioreacto~ off-gas reached highs of 80%, 

as shown in Fig. 6. The remainder of the off-gas consist~d of carbon 

dioxide and nitrogen. The methane prod~ced was approxima~ely 33% of 

that which could theoretically have been produced as calculated from 

measurements of the organic carbon removed from the wastewater by 

processes in the bioreactor. This efficiency w~s difficult to estimate, 

however, since carbon was removed by many mechanisms, some involving 

solubilization phenomena, for instance, which occurred over undefined 

periods. 

Production rates followed the seasonal variations described for 

temperature, increasing as·expected in the warmer months. The methane 

concentrations also increased in warmer months, thus following a pattern 
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predicted by the decrease in volatile atids accumulation discussed earlier 

for these months. 

Removal of Suspended Solids 

The levels of total suspended solids (TSS) in the feed varied signifi-

cantlY, reaching a maximum monthly average of 250 ppm as seen in Fig. 7. 

TSS levels in the effluent were generally below 30 ppm until the later 

months of the project. During this period, TSS levels in the feed reached 

the maximum observed and feed flow rates 20 to 40% above the 5000-gpd 

design flow rate were used. More importantly, the system had been operated 

for 15 months without removing non~igesting or 5lowly digesting solids from 

the bioreactor. In an optimized operation, the bioreactor would be period­

ically backwashed to remove such so I ids and to j..!Y't:Vt!i'lt or minimize their 

. discharge in the effluent. 

Figure 8 summarizes the effects of feed flow rate and TSS loadirig rate 

on the TSS rPmnval rate obtained with the pilot-plant bioreactor. At design 

flow rates or less, an average TSS removal rate of 75% of TSS loading was 

obtained tor loadinu r·ates as high as 55 lb TSS/day/1000 ft 3 of readol·, As 

can be seen. However, the bioreactor could not effectively remove TSS at. 

loading rates as low as 25 lb TSS/day/1000 ft3 of reactor when flow rates 

approached 7000 gpd. From Lht:se n~sult~ it was postul~t.P.d that a 11 sludge 

blanket 11 was formed in the bioreactor as sol1ds nccurnulated, v.nd that this 

sludge blanket could only be retained in the column by gradually reducing 

the HLR. It was apparent that periodic removal of solids from the bio-

reactor would be required if the bioreactor was to be operated continuously 

at a high HLR, and that the requirernent for solids removal would be indi-

cated by the usable HLR decreasing below an allowable limit. The operating 

cycle would thus be .determined by the rate of solids accumulation in the 

bioreactor under given operating conditions. 
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The bioreactor was drained .by gravity-flow and washed with waste-
-

water fed at 8000 gpd for' 24 hr in order to test the feasibility of 

periodically removing solids. TSS removal rates were then re-evaluated 

at flow rates of 1000, 5000, and 7000 gpd. 

Results are presented in Fig. 9·which shows that after solids removal, 

flow rates as high as 7000 gpd could be used while obtaining 75% removal 

of TSS. As shown in Fig. 8, this level of performance was previously 

limited to flow rates of 5000 gpd or less. Since the draining and 

washing did not remove films which were firmly attached to the packing, 

there was no problem in re-starting the bioreactor. 

~emoval of Biological Oxygen Demand (BOD) 

Levels of_5-day biological oxygen demand (BOD) measured in the feed 

and effluent streams are summarized in Fig. 10 as monthly averages. 

Levels of BOD in the feed reached monthly averages as high as 220 ppm. 

Effluent BOD levels followed trends in the feed and ranged from 30 to 

90 ppm. Since much of the BOD in the effluent was associated with TSS, 

increased efficiency in TSS removal, as discussed in the preceding section, 

would result in significant improvement in BOD removal. 

As seen in Fig. 11, BOD remo~al rates could be correlated with 

BOD loading rates. These data show an average BOD removal of 55% in 
/ 

the column as operated during the pilot-plant project. During March 

1978, the feed rate to the column was increased to 6000 gpd~ 20% above 

the design value. As seen in Fig., 11, the column required an acclimation 

period but returned to the 55% removal rate in the following months. It 

1s currently postulated that during the acclimation period, the column 

reached a new steady state with respect to the solids it could retain 

in the sludge bldnket described earlier. 
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The midrange loading data shown in Fig. 11 were used to obtain 

a correlation of the averaged removal rates with the averaged operating 

temperatures during the corresponding months. A~ seen in Fig. 12, 

temperature changes in the range of 10-25°C did not affect the removal 

rates for relatively constant loading rates. This suggests that 

physical processes were very significant and perhaps controlling in 

the overall removal processes occurring during the pilot-plant project. 

Effluent Polishing 

To test effluent polishing characteristics, batch samples of ANFLOW 

column effluent were conditioned with alum and lime (50 and 60 ppm, 

respectively) and settled. The resultant supernatant suspended solids 

values ranged from 10 to 15 ppm. Batch samples of column effluent were 

also poured downflow through 22 in. of 0.25- to 0.50-mm sand. The 

suspended solids were reduced from approximately_48 to less than 15 mg/ 

liter by sand filtration. 

For on-line tests, a granular media filter was added to the pilot­

plant facilities and used to treat a sidestream of the column effluent 

for 3 weeks. The filter bed was dual media with the following charac-

teristics: 

Sand_ layer - 12 1n. deep, 0.4~-mm grain 

Coal layer 18 in. deep, 1.00-mm grain 

The filter was operated in a downflow mode at a hydraulic loading rate 

of 3.2 gpm/ft2. Under the test conditions, the removal of insoluble 

matter was approximately 70%. The average effluent TSS was 18 ppm, while 

the average effluent BOD was 33 ppm. Operational difficulties with 

the small-scale filter system were experienced during these tests .. It 
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was predicted that better performance would be achieved by optimizing 

'' the backwash frequency and by employing chemical conditioning prior to 

filtration. 

Flow Distribution 

The hydraulic residenc~ time for wastewater being treated by the 

ANFLOW column was investigated by residence time distribution (RTD) 

tests performed at different feed rates. For each test, a dye pulse 

(19 liters of 10 ppm fluorescein) was introduced into the column through 

the feed-line standpipe. The column effluent was sampled continuously 

and combined with a reagent development stream (0.5 ~ NaOH, 0.005 ~ 

EDTA) before being monitored by a fluorometer. The reagent development 

stream produced a basic pH that enhan~ed the fluorescence of the dye; 

the EDTA complexed dissolved-metal ions to prevent precipitation in 

the flow cell at the basic pH. Results of the RTDs, compared with 

theoretical plug-flow residence times, are shown in Fig. 13. Two 

theoretical curves are shown, the first calculated for the actual void 

volume measured in the packed section of the column and the second 

calculated for the combined volumes of the packed section and·the bottom 

cone on the column. Since flow was introduced immediately below the 

packed section (see Fig. 1), it can be assumed that there was little 

circulation of wastewater in the bottom cone. Therefore, the theoretical 

curve calculated for the packed section can be used as a model for plug­
~ 

flow behavior in the column. As seen by the experimental results in 

Fig. 13, the flow in the ANFLOW column could be approximately described 

by plug-flow models for feed rates ranging from 1000 to 7000 gpd. No 

significant channeling problems were indicated for flow in the ANFLOW 

column. 
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DISMANTLING THE ANFLOW COLUMN 

At the conclusion of the pilot-plant operation, the ANFLOW column 

was drained and the top was opened to allow removal of packing material 

and accumulated solids. An initial volume increment of 150 gal was 

collected from the bottom cone; this slurry was 60 val % solids, 

.produced little odor, and had the qualitative appearance of primary 

digestor effluent. An additional 650 gal were drained; this mixture 

was 1.7 wt% solids, and 60% of these solids were volatile. From these 

measurements it was estimated that 600 gal (or 5000 lb or 80 ft3) of 

fixed material (material not removed by draining the column) accumulated 

in the column during the 2 years of operation. Therefore~ approximately 

43% of the initial voirl volume in the packed section remai~ed open to 

flow after this period. 

Of the material. remaining as films on the packing surface or in 

the cores of the packing, approximately 50% was volatile: All film 

material could be easily removed with a cold-water spray. However, it 

was obvious that a more open-structured packing material would allow 

greater efficiency in solids removal during a column draining operation. 

The packing was removed from the column in layers st~rting at the 

top. There were no radial profiles observed in film thickness at any 

height above the feed point, and the column did not appear to be plugged 

at any point~ Film thicknesses were observed to be greater in the lower 

regions of the ~olumn where material also accumulated in the cores of 

the packing material. 
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ANFLOW SYSTEM CONCEPTUAL DESIGNS 

Influent and Effluent Characteristics 

ANFLOW system designs were developed for average waste flows of 0.05 

and 1.0 mgd and for peak hourly flows of 180 and 2,400 gpm, respectively. 

The wastewater characteristics used for these designs are summarized in 

Table 1. Although design examples were developed for 11 Weak 11 and 11 Strong 11 

wastewater strengths during this ir1vestigation, only the designs for the 

more concentrated wastewater are presented in this paper. 

Tr·eatment objective~ were based on EPA secondary treatment standards 

which require 30-daY,, average BOD and TSS .concentrations of 30 mg/l and 

maximum 7-day average values for these constituents of 45 mg/1 each. In 

addition, a minimum removal of 85 percent is required for both constituents 
. 

based on a consecutive 30-day average. Since nitrogen limitations ·are not 

included in the current guidelines, neither oxidation or removal of nitro-

gen was included in these designs. If nitrogen removal is required for a 
' 

specific application, the design approach would require modHication 

accordingly. 

Oesign_§asis 

Data from the pilot investigation were used as the basis for develop­

ing anaerobic filter process designs. AWARE experience with other systems 

was used to supplement the pilot plant data base in developing the designs. 

This initial design evaluation served to indicate areas of concentration 

for further pilot and demonstration-scale work should this evaluation 

indicate a favorable feasibility for the ANFLOW process. 
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TABLE 1 

WASTEWATER CHARACTERISTICS FOR DESIGN EXAMPLES 

Quality Characteristics Value 

BOD, mg/1 300 

TOC, mg/1 300 

COD, mg/1 1,000 

TSS, mg/1 350 ~;:.· 

vss, mg/1 275 
~;~· 

Settleable So 1 i d's, m 1 /1 20 

TKN, mg/1 as· 
;. . ~ 

NH 3-N, mg/1 50 0' 

Temperaturea, Summer, oc 20 f~-, 

) Winter, oc 15 

ainfluent sewage temperature. 
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In addition to developing a basis of design for the ANFLOW system, it 

was necessary to select attendant processes required for a complete treat-

ment system employing the anaerobic filter and to construct process 

designs for these processes in addition to developing the design for the 

filter itself. A summary of process design parameters used as the basis 

of these designs is presented in Table 2. A flow diagram of the ANFLOW 

system is presented in Figure 14. A process design summary is presented 

in Table 3. 

Pretreatment. Pretreatment facilities included in the ·design were 

bar screening, grit removal, comminution of solids, equalization, and 

solids grinding. Requirements for the bar screening and grit chambers 

were typical of those used in conventional treatment systems. IL wcts 

felt that. both comminution and grinding of influent suspended solid~ 

would be required to ensure that the anaerobic filter did not prematurely 

clog due to the presence of unacceptably large suspended solids. The 

system was designed to provide influent suspended solids of 0.5 mm or 

less downstream of the grim.t~r pumps. Equ11lizat1on was 1nr.llldP.d in o1·der 

to provide conditions most suitable for biological treatment and to 

minimize the size requirements for downstream operations based on peak 

flow sizing requirements. Aeration was incl~ded in the equalization 

basin de.sign for mixing and to prevent uncontrolled S!::!~JLiL.ity of the 

waste. Primary clarification was not included because of the relatively 

small size of the example systems and because of the advantage associated 

with degrading primary solids in the anaerobic filter. 

Anaerobic Filter. The ANFLOW system design was based on a substrate 

reaction rate constant, K, of 5.0 days-1 and a hydraulic loading rate of 

0.15 _gpm/sq ft (4). Design at this hydraulic loading rate would, based 
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TABLE 2 

SUMMARY OF DESIGN CRITERIA ANO PARAMETERS. 

Parameter 

Pretreatment Facilities 

Bar Screen 
Volume of Screenings, cu ft/mil gal 
Moisture Content of Screenings, percent 
Method of Cleanings, Small Plant 

Large Plant 

Comminutor 
Largest Size of Particle to be Passed, in .. 
Minimum Number of Units 

Grit Chamber (Large Plant Only) 
Maximum Overflow Rate, gpm/sq ft 
Minimum Size of Sand Particles to be Removed, mm 
Volume of Grit, cu ft/mil gal 
M~isture Content of Grit, percent 

Equalization Tank 
Volume, Percent of Average Daily Flow, Small Plant 

Large Plant 
A1r Supply, cfm/1,000 sq ft 
Power Consumption Rate, hp/100 cfm 

ANFLOW System 
Packing Media 
Reaction Rate Constant@ 20°C, day- 1 
Average Hydraulic Loading Rate, gpm/sq ft 
Maximum Hydraulic Loading Rate, gpm/sq ft 
Solids Yield Coefficient, g TSS/g BOD Removed 
Non-Degradable Fraction of VSS 
Effluent TSS, mg/1 
Effluent Insoluble BOD/VSS Ratio 

Effluent Polishing Facilities 
Aeration and Degasification 

Rate of Air Supply cfm/1 ,000 cu ft 
Depth of Aeration Basin, ft 
Power Consumption Rate, hp/1 00 c fm 

Upflow Sand Filter 
Maximum Head Loss, ft 
Depth of Bed, ft 
Medin Fffpr.t.ivP <;i7P, mrn 
Media Uniformity Coefficient 
Average Hydraulic Loading Rate, gpm/sq ft 
Speciric Deposit, lb.SS/sq ft-ft head loss 
Effluent SS, mg/1 
Backwash Rise Rate, gpm/sq ft 
Backwash Duration, min 

Chlorination 
Cl2 Dosage, lb/mil gal 
Mixing Time, sec 
Minimum Contact Time, min 

Sludoe Handling 
Sludge Surge Tank 

Volume, Fraction of ANFLOW Bed Volume 
or, Number of Backwash Volumes 

SS in ANFLOW Drain'age Slurry, percent 
Settling Time for ANFLOW Drainage Slurry, hr 
Underflow Concentration, percent SS 

Sludge Drying Beds 
5ul 1.b Ludlliny lb/sq 1't-yr 
SS n Applied Sludge, Percent 
SS n Dried Sludge, Pe~cent 

r 

Value 

3.5 
BO 

Manual 
Mechanical 

0.25 
2 

30 
0.2 
4.0 

60 

25 
20 

1.5 
4.0 

l-in. Raschig Rings 
5.0 

0.10 
0.15 
0.2 
0.3 

35 
0. 76 

16 
10 

4.0 

6.0 
5.0 
1.0 
1.2 
3.0 

0.05 
15 
35 
10 

50 
10-30 

30 

0. 7 
1.5 

2 
6 
3 

25 
3 

35 

• 
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Anaerobic Filter 
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Surge Tank. 
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TABLE 3 

ANtLOW SYSTEM PROCESS ·DESIGN SUMMARY 

Parameter 

Channel Width, ft 
Screenings Volume, cu ft/day 
55 in Screenings! lb/day 

No~ of Units 

Width, ft 
Length, ft 
Grit Volume, cu ft/day 
55 in Grit, lb/day 

Volume, mil gal 
Power Required, hp 

No. of Units 

Detention Time, hr 
Voids Volume, mil gal 
Total Volume, 1000 cu ft 
Surface Area, 1000 sq ft 
Number of Columns 
On-side Length of Column, ft 
COD Loading Rate, lb/1000 cu ft-day 

Detention Time, hr 
Basin Volume, mil gal 
Air Requireda, cfm 
Power Required, hp 

Surface Area, sq tt 
Number of Cells 
Backwash Volume, 1000 gal 

Chlorine Dosage, lb/day 
Maximum Chlorine Dosage; lb/day 
Rapid Mix Section Volume, gal 
Contact Basin Volume, 1000 gal 

Volume, gal 
Solids Accumulation, lb/day 
Column Drainage Volume, gpd 

Area, acres 

Plant Size 
-=n-. 0"'5~m-=-C)cr---~l,_ .. ~0-n-lg-d 

0.5 
0.18 
3.3 

2 

l 
5.5 
0.2 

12.4 

0.0125 
1 

2 

18 
0.037 
7.06 

0.706 
4 

13 
5g.o 

3.2 
0.0067 

18 
0. 75 

12.5 
2 

2.2 

2.5 
7 

60 
5.4 

3,300 
82 

4go 

0.03 

2 
3.5 

64 

2 

4 
20 

4 
248 

0.20 
12 

2 

18 
0.74 

141.2 
14.12 

4 
60 

59.0 

3.2 
0.13 

362 
15 

242 
2 

42.9 

50 
105 
80b 

72 

65,UOO 
1 ,650 

10,000 

0.55 

aAn additional 25 percent included for handling the wastewater immediate and chemical 
oxygen demands. 
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on the initial pilot plant experience, reduce the possibility of high 

effluent suspended solids concentrations. The filter columns were designed 

to be operated in an upflow mode. No problems with clogging of the filter 

media were observed during pilot-scale testing in a similar flow configura­

tion. 

The pilot investigation was conducted using a 10-ft bed depth packed 

with 1.0-in. Raschig rings. No data were gathered concerning BOD and 

suspended solids removal along the depth of the column. Available bench-

scale data from preliminary testing indicated that a 6-ft column performed 

as effectively as a 10-ft column when both were loaded at similar rates. 

Reports in the literature also 1indicate that extra benefits ~erived from 

extending the bed depth beyond 6 ft are marginal (b). However, suur~ 

examples exist in which greater than 20-ft bed depths were used (7). Fur 

this design a 10-ft column depth.was selected since this was the height of 

the pilot col11mn. A more thorough evaluation of the effect of column depth 

on treatment performance was ·left for future investigations. 
I 

Very Umited data were available on the performance of thP. ANFLOW 

system using different packing materials. The amount of active biomass 

attached to the rings relative to that in the void volume had not been ., 

determined at the time this evaluation was performed. Therefore, the 

significance of the specific surface ot the pack1ny cuult.l 110t be determined 

during this investigation. F~rthermore, since R~schig rings appeared to 

have ·geometrical characteristics {specific surface, void volume, physical 

strength, etc.) which were favorable for this application and since these 

·rings were used in the pilot investigat1ons, Llrey were also employed in 

this design. Despite this selection, it was felt that other packings could 
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be used. The principal requirements are that the packing provide for 

suspended solids retention in the filter and having an adequate surface 

area for biomass attachment. Substitution of an alternative packing 

manufactured from plastic or stone could result in a significant cost 

savings for the anaerobic system. 

The column was sized to provide an effluent BOD of 30 mg/1 from the 

entire treatment system. This corresponded to an effluent soluble BOD 

from the ANFLOW system of 25 mg/1. The column off-gas will contain 

methane, carbon dioxide, nitrogen, and small amounts of other gases. 

This gas represents a source of energy for power generation. Energy 

available from the gas generation assumed for these designs is illus­

trated in Table 4. 

Effluent Polishing Facilities. To reduce the effluent suspended 

solids and BOD for discharge, the oilot results indicated that additional 

treatment using aeration and filtrationshould be considered. A·eration 

of the anaerobic filter effluent would provide for methane stripping and 

, aeration. 

An upflow sand filter was included in the design to control .suspended 

solids and insoluble BOD in the anaerobic fil·ter effluent. Based on initial 

pilot plant results using granular media filtration, som~ difficulty may 

occur in achieving low filtrate suspended solids concentrations. Therefore~ 

chemical conditioning using alum and polymer was included·1n this design. 

The upflow sand filter would function as an aerobic biological reactor. It 

was assumed that at least 5 mg/1 of soluble BOD removal would be achieved 

in this system designed at a loading rate of 3 gpm/sq ft ~mploying a 5-ft 

sand depth. Backwash water would be recycled to the filt~r from the 

chlorine contact basin located downstream of the filter~ 

., 
.. 
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TABLE 4 

ANTICIPATED ANFLOW SYSTEM GAS PRODUCTION 
AND ENERGY PRODUCTION 

Parameter Plant Size 

Off-Gas, cu ft/day 

Power Recovery,a hp 

--(). 05 rngd 

1 '780 

11 

aCalculated using the relationship: P =·0.98Q ~TOC 

where: 
p = 
Q = 
~TOC = 

power, hp 
treated waste flow, mgd 
TOC removed, mg/1 

,• 

(. 

., 

1 lllgd 

35,820 

225 



231 

Either chlorination or ozonation facilities would be required to 

achieve adequate control over fecal coliforms. A conventional plug-

flow chlorine contact basin and chlorination system were included in 

this design. 

Sludge Handling Facilities. Intermittently, sludge must be dis­

charged from the ANFLOW system. Since the quantity of solids generated 

from the anaerobic treatment system would be relatively small, sand 

drying beds were included in the de.sign for sludge dewatering. It was 

assumed that underflow from sand drying beds would be recycled to the 

head end of the treatment system. 

COMPARATIVE COST ANALYSIS 

In order to determine the economic attractiveness of the ANFLOW pro­

. cess, comparative cost estimates were developed for complete municipal 

domestic wastewater treatment and sludge handling systems utilizing the 

ANFLOW process and the activated sludge process. The activated sludge 

process was selected for comparative purposes because of its predominance 

in municipal wastewater treatment. The basis for Gost development is pre-

sented in subsequent sections. Costs were developed from readily avail-

able cost curves and were supplemented with vendor quotes and other<engi-

neering estimates where appropriate or necessary. The costs presented 

herein ~re comparative costs and are considered accurate to ~ 50 percent. 

Installed capital costs were developedLon a unit process basis for each 

aiternate' treatment system. Total system ·capital costs were obtained by 

summation of unit process costs and addition of appropriate non-process 

related· and contingency costs. All capital costs are battery limit costs 

and do not include costs for sewers, wastewater pumping· other than as 

specified within the treatment plant, outfall construction.,. and engineer­

ing ilbove normal design wur-k. O&M costs include operation and maintenance 
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labor, laboratory work, electrical, chemical, and other material costs. 

All costs were adjusted to ~n ENR Construction Cost Index of 2,860 in 

August, 1978. All labor costs were based on a rate of $10/hr and all 

power costs were based on electrical costs of $0.03/kwh. Capital costs 

were annualized based on a 7 percent interest rate for 30 years. The 

resulting capital recovery factor was 0.08. 

ANrLOW System Cost Basis 

ANFLOW media costs were based on the us~ of l-in. ceramic Raschig 
' . 

rings at $10/cu ft installed costs. In addition, costs were also prepared 

using 3-in. polypropylene plastic Raschig rings at $3.50/cu ft instailed 

costs to indicate the sensitivity of ANFLOW costs to the selected tower, 

packing material. The same column volume was used for both designs 

although a somewhat smaller volume might be adequate with the larger pack­

ing. ANFLOW co·lumn costs were developed utilizing concrete as the material 

of construction with a packing medium d~pth of 10 ft. Provisions were made 

for covering both the equalizat1orl ba~·in and the ANFLOW reaeration tank for 

·off-gas containment. A granulii~' med1a filtr·o..~Lion ~y~tem wus provirled for 

all ANFLOW design cases. It was assumed that no additional wastewater 

pumping would be r~quired for the granular filtration system. 

ANFLOW sy~tPm O~M costs were developed on re~dily available informa-

tion for cnnventional unit processes and on engineering estimates for the 

ANFLOW process itself. The equivalent·cost of the r·ecovered energy from 

the ANFLOW process was computed based on a 40 percent conversion effi­

cienr.y and an electric cost of $0.03/kwh. This recovered cost was used 

to offset unit process power costs for the 1.0 mgd flow rate cases. The 

gas quantity generated at the 0.05 mgd flow rates was judged insufficient 

to warrant recovery. Even for the 1.0 mgd design flow cases, the off-gas 
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quantities are quite marginal for recovery by boiler-turbine generation 

equipment. 'However, recent work by several investigators utilizing 

methane g~s to power internal combustion engine-generator sys~ems 

indicates on-site power generation as the prime electrical source is 

feasible (8). 

Cost Basis 

The unit process flow scheme for the activated sludge process is 

presented in Figure 15. A primary clarifier was provided for the 1.0 mgd 

flow case. Aeration basin sizing was based on a design F/M loading rate 

of 0.2 lb BOD/day-lb MLVSS. Aeration basins were considered to be steel 

tanks on c6ncrete pads for the 0.05 mgd case and concrete tanks in the 

ground for the 1.0 mgd cases. Aeration was by diffused aeration systems. 

Aerobic sludge digestion was provided for all cases. Gravity sludge 

thickening and sand drying beds were prqyided for all cases. 
J 

Activated sludge system O&M costs were developed from readily avail-

able information for individual unit processes. As with the ANFLOW sys­

tems, O&M labor requirements were judged to be commensurate with effluent 

discharge criteria. 

System Comparisons 

Comparative capital cost estimates for 0.05 and 1.0 mgd treatment 

systems are presented in Tables 5, and 6, respectively. ANFLOW system 

costs are sho~n for use of 3-in. plastic .Raschig ring packing and l-in. 

ceramic Raschig ring packing. Results indicate a significant cost reduc­

tion using the 3-in. plastic rings. Although no experim~ntal data were 

available.at the time this evaluation was completed to indicate compara­

tive performanc~ of the plastic rings~ it is felt the performance of the 
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Process Area 

Preliminary Treatment 

Biological Treatment 

Effluent Polishing 

Sludge Handling 

TOTAL COSTSa 
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TABLE 5 

COMPARATIVE CAPITAL COSTS 
FOR 0.05 mgd TREATMENT SYSTEMS 

AN FLOW 
3-in. Plastic l-in. Ceramic 
Ring Packing Ring Packing 

$ 81 ,000 $ 81,000 

138,450 204,300 

78,750 78,750 

37,500 37,500 

$335,700 $401 '550 

aENR Construction Cost Index of 2,860 (August, 1978). 

Activated Sludge 

$ 78,750 

180,000 

33,750 

116,259 

$408,750 
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Process Area 

Pre'l irrl'inary Treatment 

Biological Treatment 

Effluent Polishing 

Sludge Handling 

TOTAL COSTS a 

• 

236 

TABLE 6 

COMPARATIVE CAPITAL COSTS 
FOR 1.0 mgd TREATMENT SYSTEMS 

3-in. Pl~stic 
Ring Packing 

$ 296,250 

1,577,250 

412,500 

165,000 

$2,451 ,000 

A~ FLOW 
l-in. Ceramic 
Ring Packint:( " 

$ 296,?!10 

2,981,250 

41~,5(JQ 

165',500 

$3,855,000 

aENR Construction Cost Index of 2,860 (August, 1978). 

Activated Slu~ge 

$ 476,250 

~ 772,500 

112,500 

532,500 

$1 ,893 '750 
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system would not be impaired using the plastic rings. Using costs 

for use of the 3-in. plastic ring packing for comparison, it can be 

seen that the ANFLOW system had an 18 percent cost advantage for the 

0.05 mgd design flow, while the activated sludge process had a 30 

percent cost advantage for the 1 .0 mgd design flow on the capital 

cost basis. 

In addition to developing a design for the anaerobic filter, it was 

necessary to select and determine a design basis for attendant processes 

required to provide a secondary level of treatment. Pretreatment pro­

cesses selected for use ahead of the anaerobic filter included bar 

screening, grit removal, comminution of solids, equalization, and solids 

grinding. Downstream of the anaerobic filter, facilities were included 

for aeration, upflow filtration through a granular medium and chlorina­

tion. The upflow granular media filter w~s designed to function as a 

aerobic biological reactor to remove at least 5 mg/l of soluble BOD in 

addition to its function in removing suspended solids fr~m .the ANFLOW 

column effluent. Because of the relatively small sizes of the systems 

selected for· analysis, slutlge dewater1ng by application to. sand drying 

beds was selected. 

The results of this comparison are summarized as follows: 

l. The ANFLOW system exhibited an 18 percent cost advantage over 

conventional activated sludge treatment for the 0.05 mgd 

design case, while the activated sludge process had an 

approximate 30 percent capital cost advantage for the 1.0 

mgd design case. 
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2. Definite cost advantages were indicated for the ANFLOW sYstem 

using a 3-in. plastic Raschig ring for the column fill material 

instead of the 1--in. ceramic Raschig ring used in the initial 

pilot investigations. While it is felt that the larger packing 

would perform at least as well as the smaller, confirmation of 

this hypothesis must be the subject of further investigations. 

3. A comparison of total annual treabnent costs (amortization and 

·operational costs) indicated that the ANFLOW system would afford 

an approximate 20 ~ercent reductio~ in annual costs compared to 

activated sludge treatment for a flow of 0.05 mgd, while treat-
. ' 

ment costs would be vtrtually identical for the 1.0 mgd design 

case. 

4. A comparison of energy usage indicated that the ANFLOW system 

would use approximately 45 percent of the energy required by .an 

activated sludge system for a design flow of 0.05 mgd, while the 

ANFLOW system use a11~r~ximately 30 percent ot the en~rgy 

required by a 1.0 mgd activated sludge system. 

Based on this evaluation, the ANFLOW process appears to be econom-

1cally competitivR with conventional secondary treatment technology. This 

evaluation also indicated thaL Lhe ANrLOW procc~ requires significantly 

less energy than conventional secondary treatment systems. Initial pilot 

testing results indicate that the process is technically feasible. Addi-

tional aspects of system performance and confirmation of treatment levels 

achievable using the ANFLOW system will be investigated in a demonstration­

scale plant (50,000 gpd) wh~h is currently being designed and·will be 

located adjacent to a trickling filter treatment plant in Knoxville, 

Tennessee. 
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Annualized costs for both systems, including amortized capital costs 

and estimated operation and maintenance costs are presented in Table 7. 

These estimates indicate that the·ANFLOW system would afford an approxi­

mate 20 percent reduction in total annual costs compared to total activated 

sludge treatment for a design flow of 0.05 mgd, while treatment costs would 

be virtu~lly identical for the 1.0 mgd design case. More recent work at 

ORNL has indicated that the kinetic basis for design of the anaerobic 

filter might be too conservative in these designs~ While additional data 

are needed prior to making a firm conclusion regarding system kinetics, 

such a result would increase the advantage of the ANFLOW system relative to 

activated sludge treatment. 

A comparison between labor requirements for ANFLOW and activated sludge 

systems for the two design flows are presented in Table 8. This information 

indicates that labor requirements for the two systems agree to within 

approximately 5 to 10 percent. However, electrical requirements compared 

in Table 9 indicate that the ANFLOW system will use approximately 45 percent 
~ J 

of the energy required by a 0.05 mgd activated sludge system and approximately 

30 percent of the energy required for a 1.0 mgd activated sludge system. 

SUMMARY 

Initial pilot-scale testing results of the ANFLOW process were used 

as the basis for developing co~ceptual system designs. Process designs 

were developed for domestic wasLewaters using flows of 0.05 and 1 mgd. 

Comparisons were made between the ANFLOW system technology and an acti­

vated sludge system (selected as being representative of conventional and 

more energy-intensive secondary treatment technology). 
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TABLE 7 

TOTAL ANNUAL TREATMENT COST COMPARISONa 

System Annual Cost, $ x 106/hr 
0.05 myu 1 .o mgd 

De~ion Flnw Design Flow 

ANFLOWb 0. 051 0.30 

Activated Sludge 0.061 0.31 

aCosts based on construction cost index= 2,860 (August, 1978). 

bBased on use of 3-in., plastic Raschig rings. 
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TABLE 8 

COMPARATIVE LABOR REQUIREMENTS 
FOR ANFLOW AND ACTIVATED SLUDGE 

Labor Requirement 
Process Area 0.5 mgd ~~~~1-~0~m~gd~~~~-----

ANFLOW Activated Sludge ANFLOW Activated Sludge 

Preliminary Treatment 525 500 2 '1 00 2,500 

Biolo.gical Treatment 450 275 2,000 2,750 

Effluent Polishing 243 11 0 1 '31 0 310 

Sludge Handling 360 605 . 1 ,080 1 ,405 
--· 

TOTAL PROCESS 1 '578 1 ,490 6,490 6,965 



242 

TABLE 9 

COMPARATIVE POWER REQUIREMENTS 
FOR ANFLOW AND ACTIVATED SLUDGE 

Proce~s A1·cu 

Preliminary Treatment 

Biological Treatment 

Effluent Polishing 

Sludge Handling 

TOTAL PROCESS 

a . . No power recovery 1ncluded. 

Power Requ i n:~ment ( kw) 
n. f1 mgrl 1 . 0 mgd . . 

ANFLOW Act·ivaLeu Sludge ANFLOW Activated ·s~:'l-ud...-g-e= 

3. 12 3.04 31.10 30.28 

0.95 3.81 3.80 57.08 

l. 14 0.38 6.66 0.95 

0.0 4.19 0.0 57.45 ---

5.2la 11 . 42 41.56b 145.76 

bThis amount will not be required since power.recovery is irtcluded for this case. 
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GENE F. PARKIN and R.E. SPEECE 

A program to encourage implementation of the anaerobic filter needs 
to resolve a number of questions. The role of packing needs to be de­
fined. It would appear that for concentrated wastewaters having low 
throughput rates and long solids retention times, there is little or no 
need for packing. What remains to be resolved is the situation involving 
dilute wastewaters with associated high throughput rates. Likewise, the 
situation with high loading rates with relatively low SRT and biological 
safety factor which may produce a sludge with poor settling-characteris­
tics and the role of packing in such a case needs to be defined. 

It is essential that the filters be brought on-stream 1n the shortest 
pu5::.ible time both initiallY rtnd folluw·i!lq any upsets, to est(lblish their 
credibility and reliability. Therefore, optimum procedures and conll·iUuns 
for start-up must be clearly defined. 

The lower temperature at which the filter can be expected to operate 
reliably needs to be established. This would be an operating graph of 
temperature vs SRT for the rate limiting step, which would normally be 
volatile acids conversion to methane at the higher loading rates. 

One of the major reasons practicing engineers are reluctant to advo­
cate use of the anaerobic filter is lack of a 11 design and operation stra­
tegy .. for·wastewaters containing toxicants. Information presently available 
demonstrates that the anaerobic filter can pass slug doses of toxicants 
and recover rapidly, has tremendous potential for acclimating to chronic 
toxicant loads, and can degrade. compdunds previously thought to be toxic. 
Future fundamental research should be aimed at quantifying (i.e., modeling) 
and cataloguing the ability of the filter to acclimate to toxicants so 
that engineers can develop proper "design acclimation strategies ... Also, 
system recovery from toxicant exposure should be modeled in order to pre­
dict system downtimes. As a corollary, remedial measures should be studied 
to handle situations where down-times are protracted and thus intolerable. 
Such research would help develop an 11 0perationand control strategy" that 
would enable engineers to better insure continuous, efficient operation. 
In addition, the applicability of recycle u1ust be investigated in light 
of recent evidenr.P that indicates that recycle may not be advisable in cer­
tain situations. A 11 recycle strat'egy" cou"ld thus be developed to increase 
the versatility of the process. All the above suggestions could also be 
applied to anaerobic expanded bed systems and the anaerobic sludge blanket.· 
process. 
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J. CHARLES JENNETT 

A number of outstanding things were accomplished, I believe at this con­

ference. First of all, systems were found which seemed to reliably and rapidly 

start anaerobic reactors. In particular, the technique presented by Jennett 

and Rand using methanol to sta~t the methane formers and then following this 

with the waste to·develop the other acid-forming organisms seems to have been 

found acceptable by many of the researchers. 

There seems to be general agreement on the part of researchers that anaerobic 

filters are extremely effective in industrial waste treatment devices. In the 

area of municipal waste treatment, it would appear that there is considerable 

promise in this area for two reasons. The first is the obvious - the production 

of energy, rather than the consumption of it. The second ~sa little more 

subtle, but equally important. These systems produee 1 ittle sludge, so that 

one does not have to expend large amounts of energy to dispose of it, nor waste 

large amounts of land trying to bury it. 

The anaerobic systems seem· to have other numerous advantages. They can be 

down for several weeks at a time, allowing you to use them for intermittent 

municipal systems of industrial systems. They appear to be extremely resistant 

to the treatment of toxicants. They also seem to break down toxicants and this 

may have an enormous advantage in municipal treatment for the anaerobic system 

would be used as pre-treatment and followed by aerobic treatment to remove 

these substances. 

The other thing we found is that there is a great deal that needs to b~ 

done particularly in the area of municipal uses nf the anaerobic 5y5tem. We 

. It'.~ 

need to have scale-up studies; we need to find out how accurate our laboratory 

models are; and we need to do work ipto such new devices as those of Dr. Friedman 
.. 

the anaerobic rotating biological contactors. These systems seem to be able to 

handle high suspended solids, which wil 1 be particularly important in municipal 

treatment. We .Jlso need to hdve more prototype full-size models being built 

and tested. 

I think this was probably one of the better workshops that this author 

has attended in many years. 
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A. A. FRIEDMAN 

The Argonne National Laboratory is to be complimented for organizing this 
timely specialty conference. The sessions brought practitioners, potential 
users and researchers together to assess the state of the art of AFF reactor 
technology. Both potential energy recovery and low cost wast~water treatment 
will undoubtedly serve to increase the importance of this emerging technology 
in the future. 

The majority of the available data and information is derived from bench 
scale studies with industrial wastewaters. InsuffiCient data are avC~ilable at 
the ~r·e~enL to develop a unified dl?~1!]n rli.J~Jr'Uctl,.h bas~d on conventional rr~rnmP.ters 

such as COD or BOD and may never be available for many industrial wastewaters. 
At present, des1gn guidelines a1·e ~~astc~ med1a and hydn'lulic reqime specific. 
Despite these limitations, the potential benefits of AFF processes encourage 

-the continued development of highly empirical, highly conservati·ve designs. 
The publication of complete sets of daily operating data from a large variety 
of designs would permit the development of a general purpose descriptive model. 
It is likely that more fundamental models would follow. 

Unfortunately, only very limited data are available concerning the appli­
cation of AFF processes to "typical'' municipal \'Jastelf.Jatl?r t.reatment. The upper 
limits of wastewater stabilization and the lower limits of effluent quality 
are yet to be reported 1n the literature. Much addition(ll work is required 
before AFF processes can be l'econune11ded for application to raw municipal waste­
waters. Severa 1 speci a 1 i zed forms of AfF processes lllctY prove uscfu l for the 
degradation of waste sludges derived from conventional wastewater treatment 
sy~te111s. However, due to probable plugging problems with anaerobic filters, 
this potential approach to sludge management is still to be explored. This 
lack of information is unfortunate, since the organics in waste sludges repre­
sent-both a source of concentrated substrate that may be converted to methane 

' and a major socie~al disposal problem. 
In summary, this workshop served to disseminate knowledge from diverse 

sources. This shared information should serve as a stimulus for new research 
and application directions for anaero~ic fixed film processes. 
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MICHAEL S. SWTTZENBAUM 

It ls obvious that the concept of anaerobic treatment of 
wastewaters is an idea whose time has arrived. Due to the 
increasing scarcity of energy resources, the role of anaerobic 
treatment must and will become more widely used. Yet, at the 
present time even with an uncertain fuel situation, anaerobic 
treatment is seldom used for the treatment of soluble wastes. 

The reason for thi~ apparent anomalous situation rests 
with several misconceptions held by the environmental engineering 
·profession. These include such ideas as 1) the process is not 
as efficient as aerobic treatment, 2) it is slow, 3) it will not 
work, 4) it can't handle toxic wastes and 5) long hydraulic 
retention times are needed. There are two reasons for these 
misconceptions. The first is that recent advances in anaerobic 
treatment technology are not well known by practicing engineers 
(i.e., lack of technology transfer). The second, and more 
important reason is that despite its usage, the fundamental 
microbiology and biochemistry concerning anaerobic methane 
fermentation is only at the present time materializing. 

In order to increase the usage of anaerobic processes. such 
as anaerobic filters, expanded or fluidized beds, 1t will be 
necessary to implement simultaneously a three phase program. 
The first phase should involve several large scale demonstration 
projects based on the best currently available technology. The 
second phase should involve fundamental research concerning the 
basic microbiology and biochemistry of the anerobic methane 
fermentation and more studies of a more d~rect application 
concerning anaerobic reactors (such as geometric configurations, 
influence and/or necessity of packing media, toxic handling 
ability, etc.). Finally, a concerted effort should be made 
involving technology transfer. This might include design 
m,anuals and specialty conferences. 

The. work.sl1up held at the Mission Inn was a valuable 
experience for all. involved. It was very well organized and 
contained an excellent scope of papers summarizing the current 
state of anaerobic wastewater treatment processes. The 
participants were eager to share their knowledge and learn from 
others. The views I have expressed above are my personal 
opinions, but I believe are in general agreement with most of 
the participants at the workshop. 
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JAMES C. YOUNG 

The Workshop on Anaerobic Fixed-Film Bioreactors served as an 
important forum for persons conducting research on various aspects. of 
these processes. One important observation of a technical nature was 
that all researchers seemed to find significant improvement of fixed-
film processes over conventional mixed digesters: they are more . 
resistant to shock loads, toxins and changes in envi~onmental conditions 
and can accept much higher organic loads. 

There seemed·to be no concensus among workshop participants as to 
8 ~ingle. most important research and development need. Most participants 
agreed that more research is needed and that research' should be condueLeu 
siT!lul t;:mP.ously in all e:u·eas uf c0t'tL.ern: bnolc roc-aarch; rlPvrl npment. 
and demonstration. Specific research to develop design parameters and 
to evaluate process response using various types and sizes of media 
seemed to be a common need among the Lltree major types of fixed-film. 
processes -- fixed-bed, expanded or fluidized-bed and rotating · 
contractors. 

One important revelation was that a number of fixed~fllm dnaerobic 
reactors have been placed in operation or are under design for treating 
high-strength industrial wastes. Suggestions were made that the per­
formance of these reactors be followed closely to verify their success 
and to refine design parameters for use in designing future installations. 

A need was expressed for improved technology transfer. Suggestions 
ranged from having- additionai conferences on anaerobie fl~eu-film 
processes to wide-spread circulation of research reports. No best 
method was developed. 

Iri SUTT!IIIIil'Y, LltL! most importnnt aRpect of thP. workshop seemed to be 
the communication developed among researchers and Department of Energy 
and Environmental Protection Agency personnel. Research needs were 
identified and progress of on-going research was documented. The 
c~hallenge seems to be to convince prospective users to eunsider anacr·obic 
fixed-film processes when analyzing cost and energy effectiveness of 
various treatment alternatives. 
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JOHN JERIS 

The main value of the conference was the transfer of technical in­
formation in the ·anaerobic methane fermentation topical area. The exchange 
had great value as it allowed ·the various researchers, developers, and 
designers of these proceHses and other interested people to learn the 
strengths and weaknesses of the process. It helped set the weak areas 
in focus for continuing work. 

The turnout of industrial people and consultants was good. This 
will help get anaerobic processes• into the field more quickly. The ·education 
of a number of people who were not at all well versed in this technology 
is also very worthwhile. 

The need for marketing is essential if the process is going to be 
used in the field quickly. You can look at Union Carbide's entry into 
the field as an example. 

A forum for getting this information into the consultant, public, 
and industrial. sectors would require design- and operaL:iun-oriented 
presentations rather than the research papers which we typically heard. 
We often posed more questions than solutions. 

.J 

·~; 
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EUGENE J. DONOVAN, JR. 

As was quite evident .from the information presented at this meeting, the 
state-of-the-art of Submerged Media,Anaerobic Reactors, which seemingly 
have a high potential for economical, energy efficient treatment of 
wastewater, is still in its infancy. Significant movement of these type 
systems into the field for suitable applications will require a two 
prong approach. First, continuing fundamental b~sic research to achieve 
better understanding of the process is needed. The proposed type of 
systems (fixed bed, fluidized bed, rotating discs) and specific media 
for various applications all need further definition. Second, full 
scale or large scale investigations with plant operation on actual waste 
discharges, to demonstrate performance and reliability, and to optimize 
design is needed. 

The model developed by Mueller and Mancini of Hydrosciem:e provides an· 
understanding of the chemistry of an anaerobic filter and could provide 
the basis for further development of a model to fully describe the 
process for design. Various factors which would be of interest include 
organism distribution and growth, hydraulic considerations in the 
filter, solids capture, mass transfer kinetics, and a non-steady state 
mode to predict startup, response to r.hanging loadings, and the effect 
and recovery of inhibitory slug loads. The model would provide a means 
for determining limits of operation_for high strength wastes in terms of 
loadings and detention times. 

A major consideration appears to be the relative merits of the fixed 
"anaerobic filter" the moving media "fluidized bed", and possibly the 
sludge blanket approaches. There appears to be certain advantages to 
each,- however, there is a need to define and optimize their applications 
to actual wastes. Field studies, preferably on large scale or full 
scale systems with concurrent experimental scale (lab units) studies· 
would provide marcy of the answers with respect to scale up factors, 
seeding time; operational stability under actual <.:onditioflR, sizing, and 
economics. Temperature effect on sizing, economics and performance 
would also appear to be a significant variable requiring further 
evaluatluu. 
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RICHARD K. GENUNG 

A Review of the Tcc'hnical Content 

The discussion initiated under the title "Anaerobic Filters," a well­
known term coined by Young and ~cCarty, actually encompassed many reactor 
configurations op~rat~u under anoxic or anaerobic conditions. These 
reactors are necessarily three-phase (gas-liquid-solid) systems, with the 
solid phase including both biomass and various inert materials confined 
within the bioreactor. The use at this workshop of the acronym "SMAR" 
(submerged media anaerobic reactors) was recognition that these systems 
use continuous-liquid-phase-:- discontinuous-gas-phase arrangements, as 
contrasted to the more usual continuous-gas-phase arrangement in other 
fixed-film systems (i.e., trickling filter). Inert materials are confined 
within reactors in both static configurations (i.e., packed-beds) and 
dynamic configurations (i.e., fluidized-beds). Packed-bed reactors are 
generally operated under plug-flow conditions, while fluidized-beds reactors 
are operated under conditions ranging from the low-mixed states of incipient 
fluidization to completely mixed states comparable to those achieved in 
stirred-tank systems. Both mixing and long retention times are achieved 
with recycle. In both packed-bed and fluidized-bed systems, inert mate­
rials serve as support surfaces for microbial attachment; in the packed-
bed systems, use of these materials also creates interstitial spaces in 
which active biomass accumulates. In either case, the use of packing is 
intended to confine active biomass in the reactor while creating large 
surface areas for substrate conversions. The use of packing for the above 
purposes is not required if the physical properties (e.g., settling veloc­
ities) of the microbial species involved in a specific conversion do not 
result in "wash-out" under the operating conditions and in the reactor 
design used. In fluidized systems, the problem of wash-out has been 
approached by both replacement of support media and by partial cleaning 
(to control film thickness and therefore settling velocity) of support 
media combined with recycle. In packed-bed systems, the problem of 
"plugging" has been approached by draining or backwashing reactors. 
The success of the above approaches will depend on the nature of accumulated 
solids (e.g., film or interstitial), on the rate of solids accumulation· 
(e.g., as dependent u~uu ~ubstra~es and microbial populations), and on 
the choice of packing used (e.g., effect of surface-to-volume ratio on 
total activity in the reactor and the change in activity associated with 
backwashing). 

The widely recognized advantages associated with developing anaerobic 
processes using any of the above reactor configurations include the economic 
advantages of minimizing the energy inputs (such as for aeration and sludge 
handling) and maximizing the energy recovery potential (i.e., methane). 
Process advantages iucluue such systems' abilities to handle intermittent 
flows, to acclimate to various inhibitors, and to survive exposure to toxi­
cants (possibly by sorbing toxicants in outer film layers, leaving lower 
levels viable for regeneration). The limited industrial work reported to 
date indicates that the development of process monitoring and control 
systems can increase process stability and result in increpsed economic 
returns through process optimization. Apparently, ~avings in operating 
costs for anaerobic systems would compensate for significant increases in 
capital investment requirements over aerobic systems. 
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Summary and Recommendations 

Various anaerobic reactor configurations have shown sufficient tech­
nical and economic viability to justify process development and demonstra-

. tion efforts in municipal and industrial situations. There is a wide­
spread market for such developments if user-related risks can be minimized. 
As a result of EPA regulations, the. needs of these markets· must be met in 
the near term. Technology transfer will require demonstrations; technology 
development must include support for more basic studies of topics such 
as coupled mass-transfer and kinetic phenomena, film formation and growth, 
effects of support material properties, alternative reactor configurations\ 
and control systems, and the applied microbiology of anaerobic systems. 
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J. WILLIS SNEED 
Wells Engineers, Inc. 

'• Representing the American Meat Institute 

Salient points gieaned from the anaerobic filter conference are as 
follows: 

1. Startup times for anaerobic filters, both downflow and upflow, 
are typically six months to one year.; however, the following steps may serve 
to reduce startup to one to three months: 

a) Seed heavily, perhaps fill filter, with sludge from a very 
high],y-loaded anaerobic digester to get a very active sludge. 

b) Start filter by feeding methanol. 

c) Clay media develops biological growth faster than plastic or 
glass media. 

2. Recycle appears to offer no advantages from a biological treat­
ment standpoint, in fact, recycle may reduce treatment efficiency; however, 
recycle does offer certain physical or mechanical advantages as follows: 

a) It may dilute toxic substances below their toxic level; 
however, if the toxic is not diluted sufficiently by recycle, recycling 
will maintain the toxic substance in the filter longer. 

b) Recycling may prevent plugging of the first stages ·of a 
heavily loaded filter and more effectively use the entire volume of the 
filter. Similarly it may allow construction of deep filters, minimizing 
surface area requirements rather than shallow filters with large surface 
area requirements. 

3. Operation of an anaerobic filter in a downflow mode may serve 
to minimize plugging. 

4. SuLi.u~:; l:au uellberately be wasted from the filter by teeding 
cold water, also an air-water backwash can be used to remove solids 
from a filter. 

5. A fluidized bed of activated carbon may be advantageous for 
weak wastes because it concentrates the waste on the carbon for subsequent 
biologica~ treatment. Another advantage of activated carbon is that it 
would, in effec~, start treating the waste almost immediately, in that, 
waste material would be physically adsorbed immediately and treated 
biologll:ally laler. 

6. Rather than completely destroying the bacterial growth in a 
filter, "toxic" substances frequently inhibit treatment for approximately 
20 days after a slug dose. Consequently, if toxic spills are reasonably 
possible, a storage reservoir with a minimum capacity of 20 days may be 
advisable following the filter. 

7. Many substances typically considered toxic or inhibitory are 
amenable to treatment in an anaerobic filter. 
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JOHN T. PFEFFER 

Definitions 

This topic was not adequately discussed in the sessions such.that a 

consensus could be reached. It was clear that several factors may be active 

in these systems, especially the process referred to as an anaerobic filter. 

This process appears to be a combination of a biological reactor as well as 

a phyEical sedimPntntion system. Biolo~ical activity exists on the film 

and in the suspended solids that are retained in the reactor. It may, 

therefore, be appropriate to identify a family of treatment processes under. 

this general class, consisting of the following sub-classes: 

1. Dispersed growth systems, i.e., the Lettinga upflow anaerobic 
sludge blanket (UASB) 

2. Attached biofilm systems 

a. Fluidized bed 

b. Packed bed 

J. Anaernll ic ril tet 

It will bee necessary to make these distinct1ons if Lhere is any attempt 

to model these processes with any sophisticated modeling techniques. For a 

oenPrnl r.lass of processes, one could accept Dr. Jeris' title of SMAR. I 

would exte11tl Uti s to ~ubmcrgcd /\nacrobi t;; Reactor TrPn tment Svs tern (SMARTS). 

The only identifying factor common to these systems tb..at might not be 

apparent from this definition would be the fact that. externdl sludge recycle 

is not necessary to maintain a solids residence time (SRT) greater than the 

hytlraulic tesidence time (HRT). When PxtPrnal solids recycle is practiced, 

the system has been commonly termed the anaerobic contact process. 

\ 
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One should recognize that the anaerobic contact process is a potential 

competitor for SMARTS. One current limitation i's the difficulty of 

achieving a high efficiency of solids separation in the clarifier. If 

this problem is solved, it is highly likely that this process will be much 

more efficient for treatment of mqderate strength wastes, especially those 

wastes that have a measurable qua~tity of nonbiodegradable solids. 

Status of the Process 

It is clear that SMARTS can be applied to one or more industrial waste 

streams with present state-of-the-art. Treatability studies for waste 

specific parameters are necessary, but this is true for any and all indus-
' 

trial waste treatment systems. There are still many unanswered questions· 

regarding the optimization of these processes for treatment of industrial 

wastes. These questions can be categorized in the following manner. 

l. Packing medium. What is the function of this material in the 

process? Does it serve as a surface on which the organisms grow or does 

it simply serve as a flow control device which allows for relatively 

quiescent zones in which the solids can accumulate with a resultant 

increase in biomass? Experimental work on the role of this medium should 

be undertaken to determine if it is necessary for the successful operation 

of the process. This work should evaluate the role of the medium in all 

of the flow patterns encountered in this type of process. 

2. Toxicity. These systems have been shown to be relatively insensi­

ti.veto the problems associated with inhibitory substances. All microbial 

systems can be completely inactivated with the proper type and quantity of 

toxin. Howeve_r, the short HRT relative to the SRT of these systems and the 

relatively large mass of organisms present permit a rapid recovery from 
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most inhibitory substance~. Additional work in this area does not appear 

fruitful except as it relates to treatability studies for specific wastes. 

Clearly, the system must exclude substances that are truly toxic since 

this generally refers to a complete kill of the system. Inhibitory sub-

stances will only reduce the efficiency of the process simply by reducing 

the metabolic activity of all organisms, or exhibiting toxicity to a por­

tion of the biomass. However, the lack of a complete kill of all of the 

essential microorganisms allows for system recovery, the speed of which 

is controlled by the degree of inhibition. 

The ability of these cultures to acclimate to many inhibitory materials 

strongly support the use of an equalization basin to reduce the concentra-

tion of inhibitor and extend the exposure period to assist the organisms 

in acclimation. Research on the acclimation of these cultures to the 

"nonbiodegradable toxic" materials may be fruitful. Work at Stanford under 

Dr .. Perry McCarty•s direction is showing that: it is pus~i!Jl~: Lo ~dapt the 

microbe to many compounds that have been considered nonb·iodegradai:Jle: 

3. Reactor geometry/flow r~gJmP.s. One issue Taised in the sessions 

that could not be answered was the relative merits of the different types 

of reactors, i.e., packed bed, fluidized bed, or the anaerobic filter. 

One can argue the merits of the various flow patterns, but unless side-by­

side evaluations are made, this question cannot be resolved. This evalu-

ation could b~: conJucted on industri~l wa~trw~ter~ but in light of thP 

objectives of this meeting, it would be better to evaluate the use of a 

packed bed, ·fluidized bed, br the anaerobic filter as applied to municipal 

wastewater. This study could be used in conjunction with a mechanistic 

study of the process. 
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4. Large seal~ demonstration project~. One of the most effective 

techniques for technology transfer is the installation of operating systems. 

Existing installations are few and the application of this process to 

industrial waste treatment would be greatly accelerated by a few demonstra­

tion systems. However, the objective of this program is municipally 

oriented, not industrial. Data presented to date do not support the appli­

cation of this system to municipal wastewater. Controlled tests have not 

been conducted that can be used to justify application of the anaerobic 

filter, or any other anaerobic processes, to secondary treatment of munici­

pal wastewater. 

Theoretical Considerations 

Befor~ attempting to apply these processes to the treatment of any 

wastewater, an analysis of the fundamentals of these systems should be 

undertaken. I would assume such an analysis has been made for the indus­

trial waste ~yst~ms. However, I h~ve not seen such an analysis, and I 

seriously doubt if one has been done for the treatment of municipal waste­

water by anaerobic filters. I would divide this discussion into three 

dis ti net areas: 

1. Aerobic vs. Anaerobic Metabolism 

The importance of this analysis relates in part to the kinetics of 

the process. A more important consideration though is the energy required 

to maintai.n an active culturP nf microorganism. ·In aerobic syste111s, Lhis 

is relatively easy sirice the energy yield from the metabolism of organic 

material is high. For example, gl~cose oxidation to carbon dioxide and 

water as per the following equation yields 668.7 k-cal per mole or 3487 

·cal per g COD oxidized. 

'I. 

• 
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( 1 ) 

However, under anaerobic fermentation conditions, the energy yield from 

glucose fermentation to methane and carbon dioxide is· only 102.1 k-cal 

per mole or 532 cal per g COD. This is further complicated by the fact 

that much of the energy yield is from the fermentation of glucose to 

acetate. The microorganisms obtain very limited energy from aceLate 

fermentation to methane arid carbon dioxide as shown by Equation 3. 

(2) 

Acetate fermentation yields only 106 cal per y COD. Therefore, approxi-

mately four times as much energy is released from glucose fermentation 

to acetate than from acetate to methane. 

(3) 

Consequently, the growth of the methanogens is severely restricted by 

this low energy yield. 

The following reactiony-1elds somewhat more energy than the above 

reactions. 

( 4) 

It may be possible to iriitial ly stimulate the yrowth of methanogens 

by the addition of hydrogen gas during start-up. Howeyer, one must 

remember that the hydrogen gas will block the formation of. acids th.rough 

product inhibition of the acetogenic reaclions. Clearly this must be 

used with care. 
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Because of the re~atively dilute concentration of organics in munici­

pal waste and the low energy yields listed above, another phenomenon is 

introduced. This is discussed in detail in the enclosed paper by Rittmann.* 

It appears that this can be a major factor in the treatment of dilute wastes 

by the anaerobic filter system, or any other anaerobic biological system. 

2. SRT Requirements 

The Monod model has been widely us~d to evaluate the kinetics of 

waste treatment processes. Application of this model to fixed film systems 

1 may be debatable. It can be used to illustrate some key requirements in 

any biological system. The two key equations are the following: 

* 

J 

where S = substrate level in the c6mplete mix effluent - mg/1 

S
0 

= influent substrate level - mg/1 

K
5 

= half velocity coefficient - mg/1 

k =maximum specific substrate utilization rate - time-l 

k . d t . -l d = organ1sm ecay ra e - t1me 

X = organism mass concentration mg/1 

e =hydraulic retention time 

ec = mean r:Pll residence time (sol.ids retention time) 

Y = yi~ld coefficient 

The paper by Rittmann is not available. 

( 5) 

(6) 

; .. 
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Equation 5 can be used .to calculate the required ac for a specified 

effluent BOD. If one considers the conversion of acetate to methane as 

the rate limiting step, then the following values for the appropriate 

constants can be used for a temperature of 30 and 25°C. These constants 

were determined by Lawrence and McCarty (J. Water Poll. Cont. Fed., Vol. 41, 

No. 2, Part 2, Feb. 1969, pp. Rl-Rl7}. These constants are based on acetic 

acid, rather than COD. Similar evaluations were conducted at 20°C by 

O'Rourke ("Kinetics of Anaerobic Treatment at Reduced Temperatures," Ph.D. 

Thesis, Stanford University, 1968). These constants are listed in the 

following table: 

KINETIC CONSTANT5 

30°C 25°C 20°C 

k - day -1 4.8 4.7 3.6 

kd - day -1 0.037 0.011 0.015 

Ks - mg/1 333 869 2130 

y 0.058 0.054 0.040 

The most important constant to consider is the Ks value. This number 

is highly temperrJturP sensitive and will don1inate the kinetics in relation­

ship to effluent substrate. ror exdlnple, the calculation of the 8c 

(Equation 5) for an effluent level· of 20 mg/1 COD or acetic acid show that 

·ac calculates to be a negative 73 days. In all cases~here values uf S 

are assumed to be low, i.e., 20 mg/1, the model fails. This suggests that 

it is not possible Lu achieve COD levels in this low range with the methane 

fermentation process. Even with a mean cell residence time approaching 
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infinity, one cannot achieve the desired level .of effluent substrate as a 

result of biological processing. If one substitutes 10,000 for ec in 

Equation 5, the value of Sat 20°C will be 250 mg/1. This model shows 

that with a CSRT operating at .a mean cell residence time of 10,000 days 

(27.4 years) the concentration of acetate in the effluent will be 250 mg/1. 

One must recognize that you cannot apply the mathematical model for 

a CSRT to a fixed film reactor. However, it should also be recognized 

that performance of packed bed reactors and CSRT are not greatly different. 

Consequently, if the model for a CSRT shows that the required effluent 

levels are theoretically impossible with the methane fermentation process, 
I 

one can assume that a fixed film reactor also will not achieve the required 

~ffluent as a result of methane fermentation. This is especially true 

with the wide discrepancy between the predicted level and the required 

level of effluent COD. 

If one does produce low levels of COD with these anaerobic filters, 

it is not as a result of methane fermentation. Therefore, a definition 

of the mechanism is necessary before any large scale system is constructed. 

In fact, it may be desirable to inhibit the anaerobic fermentation of the 

organic. solirl~. Suspended material i5 generally easier· to remove from 

wastewa~er than soluble n~terial. Inhibition of the hydrolysis reactions 

would retain most of the solids in the suspended form and enhance their 

removal. 

3. Microbial Nutrition and Environmental Factors 

There is very little information available on the nutritional require-

ments of this mixed culture of anaerobic microorganisms. There have been 

many reports in the literature about the stimulatory effects of certain 

. ·: 
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compounds. There has never been a coordinated study of the nutrients 

required to optimize these mixed cultures. 

The control of pH and oxi~ation-reduction potential (ORP) become a 

key consideration when one applies the anaerobic process to municipal 

wastewaters. It is generally reported that values of ORP less than -50'0 mv 

(Ec) are associated with good methanogenic activity. With a dilute waste, 

it may not be possible to reduce the ORP to this level, especially when a 

short HRT is used in the system. The biofilm may be in a highly reduce~ 

state, but the bulk liquid is not. If all of the methanogenic activity 

is relegated to the interior of the biofilms, the mass transf~r con~traints 

become a more important issue. 

Limited buffer capacity.associated with a dilute wastewater may give 

rise to pH control problems. When the carbon dioxide content of the gas 

is in the 10 to 20 percent range, a significant buffer capacity is required 

to keep the pH in the optimum range. When trealing dilute municipal waste­

water, the pH may be depressed. Of course, when the sample is removed from 

the anaerobic filter, the pH will incrAase significantly due to the loss 

of carbon dioxide when the sample is exposed to the atmosphere. Care must 

be exercised in making ~H determinations. 

Summary 

The application of the dllder·obic filter to treatment of munir.ipal 

wastewater is premature. The mechanisms. active in tha filter have not 

been elucidated and existing microbial kinetic data suggest that the removal 

of organic materi~l that does occur is not biochemical. The pffluent 

standards for BOD are too low for this system to function as othe~ than a 

pretreatment system for concentrated wastes. 
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A substantial amount of research on the fundamental mechanisms of the 

~ process is essential before any large scale pilot testing is undertaken. 
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