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I. INTRODUCTION

Sewage contalns mineral and organic matter in_suspenSIon,

- in the colloidal state and in solution. Removal or'stabiliza-.
tlon of these matters may be accompllshed at‘a sewage treatment
'works-bylphysical, chemical and biological methods. The
methcds used will depend_upon the‘type‘of sewage and the degree
of treatment'required. Settleable'organic and lnorganlic ma-
terials in the raw, untreated sewage and settleable material
from the biological portions of treatment processes are fre-

_ quently removed by gravlitational sedimentation or filtration.
Seteral methods of disposing of the solilds which are removed
are available. Sollds disposal practice includes barging out
to sea, burial, landfill, placing the solids on the land to
improve fertility, incineration and wet combustion. The par-
ticular method used 1s determined by economic considerations
and the Characteristics of the slddge. TheAflrst'stage in the
preparation of the sludge for disposal is usually concentration
| which reduces the quantity of material to be handled. Concen~'
tration increases the solids concentration in sludge~by ree
ducing'the liquid content. The llquld 1s- removed by drying raw .
and biologically treated sludges on sand beds or using concen- ‘
'tration tanks or vacuum filtering the sludge, Combinations of
the above,methods are'freqnently nsed. A-factor'common to all

the methods of preparing sludge for disposal is that they are



expenslve, One. of the less expensive and more successful of
the methods 1s to treat the sludge biologically and to dry the
treated sludge on sand beds. Two forms of biological treat-
ment are available, the one using micro-organisms which require
molecular oxygenifor'their metabolic processes and the other
using micro;organisms which require oxygen in a combined'form._:
It has been found uneconomica1 in practice to supply molecu-:
lér oxygen'to sewage sludge at normal concenﬁrations at a rate
ssfficient to keep the system aerobic.,' For this reason the
:biological treatﬁént of sewage sludge'usually takes piace
under anaerobicvconditions. The advantages achleved by bio-
loglcally treatihg sewage sludge may be lllustrated by the
‘“differences in characteristics of raw sewage sludge and di-
gested or biologicaliy freated Sewage‘sludge, Raw sewage sludge
is difficult to dewster, it 1soa potentiallodor nulsance, the |
.organic content of the sludge 1s unstable, it contains patho-
. genic organisms and when 1t is spread on soil it tends to clog
the soll pores. Digested sewage sludge dewaters more readily,
‘the odor problem 1s relieved to a large<extent, the coliform
count‘ofhsewege sludge digested for 30 days at 35°C to,38°¢.3
. is_reducediby 99.8 percent and the slﬁdge is useful as a soil
'buildef;e Thejfertilizing Valueiof digested'sewage.sludge is
' poor compared to commercial fertilizers.
'~ Recent research inithe aﬁaerobic digestion of sewage

sludge has been directed towards two principal objectives:
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to Ilncrease kﬁowledge of the baslc mechanism of the digestion

- process and to'develop the proceés so that 1t is more efflcil-
ent, The first objective has.stimulated research in the blo-.
chemical and blological events taking place in the digestion
process., To the enginéer, the second objective is of.priﬁéry
importénce because a more efficlent process uéually meahs‘a
}more economical process. One of -the avenues of résearch is
~concerned with increasing the loading rates to anaeroblc di-
:gesfers; Several methods have been tried and these are dis-
¢ussed in the Literature Review. One method would be to
increase the solids concentration of the feed sludge to a
‘digester b& reducing the water content. 'This allows a longer '
time period for the solids to remain in the digester if the
rate of soliés loading remains.unchanged. Alterhatively; the'
detention time may be held constant and the‘loading rate to -
thefdigestef ihcreased."Although sludge concentration prior
%o digestlon 1s used 1n many plants, 11tt1e research has been
‘direcﬁed towards evaluating the effect of varylng the’solidsv
concéntratidn in a éigester on the treatment process., ,The pur-
pose of this dissertation is to determine the effecﬁ of the
solidslcohcentration'1nside a digeéter on the anaerobic diges-

'-tion.process.



o II, LITERATURE REVIEW
A. Historical Development of Sludge Digestion
’Until the latter part of the nineteenth*century almost all
sewage was disposed of in one of two ways; 1t was diécharged

untreated to eilther the neafest body of water or to the nearest

B plot of avallable land. Problems were encountered with both

methods. When the untreated sewage was dlscharged to:a body of
water, the water became polluted and a danger'to the public -
'.health, unsightly sludge banks‘and scum bodies would form and
_'1n many cases foul odofs would be emltted. The.contamineting
effects of‘eewege diSposed in the area of shellfish farms were.
well knownvby thellatter'part'of the.niﬁeteenth.centufY. Dis-
charge of?the,unﬁreated.éewage on land created a public,heelth -
hazard especially if there was some connection between the
dispoéal‘locatlon and the sourcerof_a domestic water supply.

A great-disadvantage of land disposal of sewage'wes the clog=-
ging of the soil pores with the solids in the sewage rendeﬁing
~ the soil impervious'to pefcolatlon of more Sewage. Tﬁe land
freduently.waé unsightly and odiferous (48).

Many attempts were made to'coffect“ﬁhe poor state of
fsewage disposal and in the elghteen eighties the first ma jor
progress was made.' In 1858 the pollution of rivers in England |
was legally prohibited but the laws were loosely administered. )
In 1892 the Mersey aod Irwell act was passed, This act was

the‘first of several acts setting up Joint Committees composed
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of representétiveé from all the sanitafy authofities'bordering
on a specific river, The Jolnt Committees succeeded to some
degree in enforcing river pollution laws. Similar»legislation
against river pollution was"being enacted on the_Continent
(39). In 1886 the Lawrence Experiment Station was establlshed
by the Massachusetts State Board of Health to édvangenthe
study of the purification of water and sewage (123). This was
‘the first institution of its kind in the world., In the United
Statés leglslatlion to prevent river pollutioh;cémé later.,
?robably the first serious effqrt;in this direction was made
| by the U. S. Publid ﬁealth'Service in i913_whep11t established
a stréam pollution 1hvest1gation staﬁibn in Cincinnati, Ohilo.
Committees for the pﬁevention of river pollution, similar to
‘thbse organized in England, were set up on many of the rivers
in the United_Statés.' In thé 1940'3 and.1950's legislétion
gave the U. S. Pﬁblic Héalth'Service the.pdwer to order com-
munitlies and industries to stop'poiluting 1nterstate ﬁaters.
The unfavorable effects of solids on_sewage:disposal |
methodé gave rise to the practiée of settling sewaée to remove
the solids. A sludge was producéd in the settling prccéSs and
this had to be dlsposed of. The cesspool Was probably the
'fifst seWagg settling tank to.bg used by man, Wastes were
allowed to flow into 1t wiﬁhout‘control, Somé,3011ds would .
" settle to the bottom where they would begin to decompose due to

the action of anaerobic‘organisms.and'the supernatant liquid



would either overflow or percolate into the,surrounding earth.
The cesspool was merely used as a place to,dispose of wastei--
and any<treatment-action due to sedimentation and anaerobic
action was not considered in its desigu. A report (114) in
1857 describes a tank designed by Henry Austin to retaiﬁ solids
by sedimentatioh. This tank had aicapacity adequate to remove
solids from the wastes from sizable towns. Austin did not
appreciate the solids feduction which took place in the settled
sludge by septic action. ' ' |
In France in 1860, Louis H. Mouras developed the Mouras

| Automatic Scavenger which was virtually an overflow cesspool.
Although not very successful, the Automatic Scavenger was de-
signed to remove sollds from the sewage ffou individual house-
'holds by sedimentation and to reduce the quantity of settled
sollds by anaerobic action, Many variations of the Automatic
_ Scavenger were constructed; all with limited success (39).
Plain settling was introduced in 1891 as a preliminary sewage
4 treatment process in Massachusetts, but few installations were
- made thereafter because of the difficulty of sludge removal
and disposal. In 1900, there were some 62‘sewage treatmept h
~ plants in the ﬁuited‘states and of thesé; two smployed plain
isedimentation, lﬂfemployed somevform of chemical treatment and
| 46;plants'made no attempt to remove suspended’solids (l23);
The problem of removing sludge from.settling tanks was not

solved until 1916 when the}first mechanical sludge collecting
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"device was invented by-Dorr,'ﬁho subsequently founded an equip-
ment‘compaﬁy to service the waste treayment‘field.' Pfevioﬁs to
this time 1t was necessafy.to drain the"sedimentation tank and |
~to remove the sludge by hand. In 1900 the préparation of.sew-
age sludge for uitimate disposai was.adcgmplished mainly 1n

two ways:"the sludge was deWatered by drying on sand beds, or
by fiitration with'eXpehsive and messy piate_presses. nying
~on sand beds was a lengthy procéss with unfavorable weather
conditions. As early as 1904 George Warren Fuller,'a pefson
with much foresight, indicated that sludge disposal would be an

'important and expensivé item of waste treatment;

In 1895 Cameron devéloped_the séptic tank to treat‘a.por-
- tion of the sewage from Exeﬁer,'Englénd (94). The septic tank
was regafdéd by many as thé‘an3wer to‘a11 sewagé treafment R
problems but Cameroﬁ_regarded it only as a preliminary'treat-
ment. The septic:tank is defined as; "a horizonﬁal, éontinuous
flow; one stqry sedimentation tank thréugh which<sewége is _
allowed to fléw sloﬁlj to,permit suspended matfer to settle to
the bottom where 1t is retalned until'anaeﬁobic decomposition
1s established, resulting 1h the changing of some of the sus-~
pended organic matter into liquid and gaseous substénces, and
a consequent reduction in the.q@antity.of sludge to be dlsposed
of” (5). One of'the first septic tanks 1nsta11ed in the United
_ States was at Champaign, Illinols in 1897. A problem with the
actlon of the septic tank was the buoying up of sludge;by the




gas produced in the anaeroblc action and the appearance of this
Slndge 1n‘the effluent. About.1906 Travis invented the Travis}
H&drolyticlTank. The tank‘was.divided 1nto three.compartments;
two in which-solids could settle and a third into which the
settled solids moved to'undergo anaerobic action. Gas bubbles
from the sludge compartment rose and 1nterfered_w1th the settl-
ing actionyin_the other two compartments. Dr;dKarllImhoff of
Germany deeigned,bhe first Imhoff tank in 1906', This tank was -
also separated lnto three compartments:.’a_sedimentation cham-
ber, a digestion chamber siﬁuated beiow_the sedimenﬁation |
chamberfand'afscum chamber., A baffle was placed}below the
sedimentation chamber to prevent gas bubbles from'the digestion
chamber rising and interfering with the process of settling.
‘Gas produced by anaerobic action left the tank through the scum
- chamber, The scum chamber was connected directly to the diges-

‘tion chamber (5).

- The Imhoff tank was introduced in the United States (5) in

1909 and the first unit was constructed inh New Jersey in 1911,
The tank was used extensively almost immediately because of the
patents on the Cameron Septic Tank which restricted their use,
_ disadvantage of. the Imhoff tank was the depth of the tank,

25 to 35 £t, and hence the high construction cost. The digest- |
~ion chamber of the Imhoff tank was usually designed to- store
sludge for 6-12 months.

About 1915 the Kremer cell was 1nvented 1n'Germany. This



consisted of a sedimentation tank to which two chambers were
attached, Sludge was removed from the sedimentation tank to
the’first chamber where digestion of the mlxed sludge'and sewa-
ge took place;' Partially.digested siudge from this chamber was
transférred_totthe SeCOndvchamber where 1t was alldwed‘to re-

main under a'iayer of sewage untill éompletely dlgested.

| H. W.;Clark,of the Lawrence Experimenﬁ,station suggestéd
in 1899,that separate sludge dlgestion, 1.e, the removal of the
sludge from the sedimentation tanks to anéther tank where‘iﬁ;
could unde?go anaerobic'decomposition, might solve many prob-
lems éf‘dealing with the sludge. A separate sludge digestion,
tank was tésted_in 1899 but the difficulties involved with the
process were such ﬁhat the Travis and,Imﬁbff‘tanks were pre-:_
ferred., The advantages of separate digestion are many_beCéﬁse
fhé”optimum conditioﬁs‘for digestion are not the optimum condi-
tiéns for settlling. Kﬁiebuhler in 1887 recommended removing ‘
sludge from septic tanks frequently and in a fresh condltion to:
obtain a'highér degree of treatment of the liquid.. The'firét
separate sludge digestlon tanks.Were placed 1n'Sefvice between
1910 and>1912,aﬁ Birmingham in England,,Baltiﬁore,in the U.S.A.
and at the Essen-Rellinghausén plant in Germany. Prlor %o

this time, sludge lagoons were used in}England énd America.
The sludge remained in the lagoons for years and eventually
.digested and dried_out. At Birmingham, the design capacity of
thé Séparéte.sludge'digestion tank was 9.2 cu ft per capita and
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at Baltimore‘the design capaclty was 3.95 cu ft per caplta.
The sludge from the Imhoff tanks at the Essen—Rellinghausen
plant Was pumped to separate digesters’daily. In the‘separate
digesters the rate of anaeroblc action did not equal that in
"‘the Imhoff tank. The reason for this unexpected finding was f‘
assumed to be the low temperature of the sludge since no
warming effect from inflowing sewage was available as in the
Imhoff tank., R

By 1925 many separate digestion plants were in operation.
Records indicate that the gas produced in the anaerobic pro-
cess was utilized as early as 1907. In this:year‘James at the -
:Matunga Leper Asylum at‘Bombay,fIndia'(SO)‘utilized the gas to
drive a small englne. When Cameron’cotered hls septilc tanksp
in 1912, he used the gas produced to light the grounds of the
treatment plant and-to run some §mall.engines. In 1921
Birmingham; England utllized the gas from tneir Separate di—
gesters to  run internal combustion engines.“This was the first
use of gas on a commerclal scale,,a practice,wnich did not
' become common in the United States until 1933. Gas was col-
lected on a'large scale at”the'EsseneRellinghausen_plant and
first delivered to a municipal system in 1923 |

Until 1926, if it was necessary to cover separate di-
gesters, Imhoff tanks or septlc tanks to elther collect gas or
control odors,.fixed covers were universally used (123), The

dangers of fixed covers were amply illustrated by the digester
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explosions whilch occurred at Seretega Springs in l906‘and at
Florenceville, N. C., in 1915 (99). In 1926 the flrst floating
covers were plaeed on sludge digeétere ét Birmingham, England
~and Plainfield, New Jersey. At Birmingham'the,covers,lwhich
were a serles of concrete rafts with a small cone in the
center, were installed to collect gas to run a 150 hp englne
(50). Thewadﬁanteges of the floating cover over the fixed
cover were numerous. They submerged solids at the top of the
sludge thus helpling to'prevent scum formation; 1t was not
found necessery to balanee‘additions‘of sludge.te the digester
wiﬁh removals of sludge; the.quality of supernatant was better
because i1t could then be withdrawn at will; and the floating
cover was safer, Digester ges forms an explosive mlxture:with
air and, when withdrawing sludge.from a fixed‘eover digester, -
1t was not unusual to draw in some ailr. |

The disappointing fesults of the separafe sludge dlgesters
et the Essen-Rellinghausen‘plaht due to low temperatures of the
esludge promoted the first ‘heating system installed in a sepa-'
rate sludge dlgester in 1927. Almost 1mmediately the rate of
digestlon surpassed that of the Imhoff tank (123). | Although i

heat had been applied with ‘success to the contents of an

earthen digester at Plainfield, N. J.»prior to 1927, the first
' sludge digestion tank bulilt in the U. S. with the heating coils
installed as an lintegrgl part of the tank was constructed at

Antigo, Wisconsin in 1928, In 1927 Imhoff.used the gas pro-
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duced 1n an Imhoff tank to heat water which was injected into
the Imhoff tank to'supply heat to the digestion compartment.
Goudy as clted by Mau (101) in 1929 reported that there were 59
separate sludge digestion plants in the Unlted States, 41 of
which were heated. The average design capacity of the heated
digesters was 1.5 cu ft per capita. Digesters have beenvheated
in many ways with varying degrees of success. From 1927 to
‘19474the ma Jority of digesters in the United States were heated
by circulating‘hot water throughAheating'coils”placed inside
the digester mounted onvthe walls of the digester (47).
Walraven (174) suggested that the water in the colls should be
'less than 150°‘F to'reduce}sludge incrustation‘onvthe plpes
which would lead to a decrease in heat transfer efficiencies;

~ He also mentioned the improved circulation obtained by leaving
a space between the walls of the digester and the heating
coiis.‘ About 1947 there was a movement»towards ‘the use of ex-
ternal heat exchangers. Raw sludge or supernatent liguor was
‘pumped from the digester through a heat exchanger and back in-
to the digester, Advantages 1ln heat transfer efficiencies,
temperature eontrol, circulation and malntenance were obtained.
Other methods of heating have been attempted_and‘some are still
“used: injecting llve steam into a digester; mixing'hot'water
4 with raw sludge; direct_heating by submerged COmbustion; and
diffusionfof'heated combustion products through raw sludge.
At the.presentdtime, the most QOpularvmethod‘is the uSe:of'er

ternal heat exchangers.
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The benefits obtained from mixing digesting sludge were
realized by Imhoff when he designed the Imhoff tank. Imhoff
‘tanks are deep %o keep the temperature of the sludge in the
digestion compartmeht reasonably uniform and to allow the gas
bubbles»evolved in the digesﬁion process to give'more stirring‘
action to the sludge. Priiss (129) advooatedodigester'mixiﬁg
to remove the oréanisms in the'digestioh process from the lo-
cal concentrations of theilr own end products. He mentlioned -
that mixing also helps>toimaintain uniform temperature condi-

tions throughout the digester and to control scum layers.

A portion of the materlal entering a digester wlll float
and form a scum layer. Scum layers over 8 ft thick have been
. reported., According to~Simpson;(iGO);wscum'fopmatioh'in é;dié
gester ﬁas'been described as the‘greatest single problem in
~sludge digestion. It will decreaee'the effectiveivolume of
the digester and can damage floating covers and other equipment.
Adequate.mixing will control scum layer formation. Bacon (8)
in 1944 discﬁssed mixing practiees and mentloned that there
were advantages and disadvantages. 'The adVantages of ﬁixing
included a greater and more uniform gas supply, scum reduction
. and improvedoseeding_of raw incoming‘sludge, The disadvan-
ﬁages were a poor supernatent andfincreased power}costs. The
methods of mixing include- mechanieai mixing by means of |
revolving arms, . propellors and sweeps, gas mixing by recircu-

1ating digester gas; recirculation of sludge through a heat
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_ exchanger} and pumping the raw sludge into the digeéter at
vafious‘locaﬁions. ‘Morgan (116) studied gas mixing as a means
of ;ncreasiné the rate of sludge digestion., He found that
adequate mixing could'be obtained with gas reéirculatioh and
that the rate of sewage sludge digestion could be increased
by a factor of approximately four times. A very real ad- |
vantage of the'procqss‘was that a sludge‘having good drying'
'chafgctéristics.was produced, With the advent of complete
mixing of~thevd1gestion tank contents, the stage process of
digestidn and a sludge concentfation'prbcess became necessary.
In 1931 the first stage digestion process was.placed in opera-
}tion ét“ﬁhevHérboeriby Plant; Los Angeles. This process con-
 _‘sisted o:ufour‘étagés in which the solids of higher specifiq
| 'gravity‘in tﬁé'digeéting‘sludge, l.e., lower volatiielsolid
"content;‘were moved ahead td the following.stége until the
solids were completely digested.' A“modified form of this
system, the two-stage procesé, 1s comhbn practice in sludge“
.digeStion today. In a two-stage process, thé presént practiee |
15 to keep the sludge in the first stage digester for six to
Veight‘days (6). ‘Most of 6hé gas 1slgiven‘off in fhis”stage.
To separate the solids from ﬁhe'supefnataﬁt and fo.complete
the process of dlgestion, the sludge is then aged 1n a second
stage digester for 22 to 24 days.
‘ When domestic sewage sludge is ‘held in a tank the solids
. in the sludge Wwill tend to settle to the bottom of the tank
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leaving a relatively clear liquid at the top of the tank. The
clear 1liquid is known as supernatant, -In operating separate
sludge digesters, raw sludge 1s pumped.into-tne digester
several times a day._ Just pridr to the addition of raw sludge
an equivalent amount of. supernatant is withdrawn to.keep the
volume of waste in the tank-nearly constant; " Thus, the sollds
are allowed to remaln 1n the digester but'the liquid 1s removed
daily. With the increased usa ofvheat éxchangers and arti-
ficial mixing sludge does not separate intd atsnpernatant
portion and a solids portion. Then,-tbvkeep the voiume of
“waste in}the tank constant sludge solids‘are removed daily as
raw sludge 1s added. It 1s obvlous that the average length of |
- time a solld particle will renain in a digester 1s less in
mlxed digesters than in unmixed digesters. Thus, if a raw
..sludge volume equal To one tenth of the volume of the digester
isvadded.daily to a mixed digester the average length of time a
solid particle<will remain in the digester is ten days. The .
length of tlme a solid particle will remain in an unmixed a1- -
‘gester, from which supernatant 1s withdrawn, will be more than .
ten days. If a certain detention time, or the average length

| of time a.sdlid particle remains infa‘digéSter; is requifed by
| particular_sludge digestion system then a'greater digesten '
volume will have td be.provided for a mixed digeéter than for

- an nnmixed digeSter. Other disadvantages of the mixed digester
are: maintaining a larger volume of sludge at a certain tempera-

ture and dispersion of .the food avallable %o the organisms
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T in the digeeter,r Torpey (168) has alleviated many.of the
problems with mixed digesters by concentrating the sludge pri-
of‘to digestion., If sludge‘is concentrated from three pefcent
solids to six percent solids the volume of the sludge is |
halved, fThe-reductioh in volume of the sludge wlll allow a
lbngef detention time for the solids in a digester or alternaé
tlvely if the detention time 1s held constant a smaller diges-

ter can be used.

_ B. The Anaerobic Digestion Process

The total sollds content of domestic sewage sludge de-
pends to a large extent upon the composition of the sludge and
the process by which 1t is produced. Fair and Geyer (41) give
values of total eolids invslﬁdge'ranging from 2.5 percent frqm
~a plain sedimentation process up tb-lo percent for the fresh |
humus sludge from a trickling filter. Man& analyses_have‘been
made of the solids portion of sludge (23, 71, 75, 115)} In
general, the raw solids consist of 60 #o 80,percenﬁ volatile
métter and 20 td 4o pereent fixed matter determined by solids
analyses-aecordlng to Standard'Methods (3); Heukelekian {7l) -
.analyzed the organic porfion of domestic sewage sludge and
jfound the basic composition to be approximately 34 percent
ether soluble material, 27 percent crude protein and 24 percent'
. ash, Other compounds were also present 1ncluding starches, |
‘: sﬁgers,_celluloses and organic acids. Buswell and Neave (23)

‘obtained similar results:: protein content of 19.4 percent;
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‘ grease content of 25,2 percent; end crude fiber content of

10.8 percent. The total volatile matter by analysis was 60.9
percent, .Heukelekian and Balmat (75) obtained719.l'percent
grease, 25;1 percent nitrogenous matter and 23;6 percent car-
bohydrate. The total volatile matter wes 78 percent of the
total solids. In sunmary, the composition of freshidomestic
seWage SIudge‘consists of varlous proportions of fats, carbo- -
hydrates and proteins. Varlations may be due to variations_in

habits, type of analysis ané season.

The hetercgeneous mlxture of'sludge descrlbed above'pro-
vides'én.ample food source for biological:life.» In anaerobic.:
digestionrthe comnlex materials such as proteinsalfats and
carbohydrates are broken down b& mlero-organisms into simpler
substances (Figure 1). Energylis-thus provided for the growth
of the micro;organisms. According to Heukeleklan (71), the
breakdown of the organic material consists of two major steps,
the liquefaction of solids and the conversion of some of the
liquids to gases. Simpson (160) states that at least two dis-
tinct groups of organisms‘are involved in the enaerobic decom-
. position=of;sewaée sludge. The orgsnisms in}the group respons-

..iﬁle forlthe-liquefaction of solids are called "acid-producers"

'and the organisms iIn the group responsible for gasification are
called the "methane producers. Successful digestion is based '
upon ‘the synchronization of the two groups of organisms in the

liquefaction and gasification processes. An unbalanced state



Figﬁr@ 1. Formation of anaeroblc digestion end products

Figure 2. Simplified decomposition pathways for organic
, ~ matter ‘ o : :
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’often occurs in the sludge digestion process where the products
of the acid producing organisms accummulate and inhibit the
‘methane producing organisms, The methane producing organisms
_can be inhibited to the extent that no gas is formed. The
condition of the digestion prooess is then called "stuck" di-

gestion; In this condition the materials in the digester may

be more obnoxlous than the original sewage sludge.

‘1. Liquefaction

'Thé_modes of’action of the two groups of organisms are
described by Heukelekian (T1). Liquefaction as applied to
this discussion implies tﬁe_transformation of iarge solid par-
ticles of sludge into a solubié or finely dispersed state.

The liquefaction process is brought‘about by hydrolytic reac-
tions catalyzed by extra-cellular enzymes.} The acld producing
organisms make contaot”(l3l_78) nith,»or come into the close
1proximity of, fthe SIudgs particles and excrete extra-cellular,
hydrolytic enzymes;to 1iquefy the solid material, The enzymés‘_
do not diffuse into the ‘surrounding medium and become diluted.
Also the products of the hydrolytic reaction diffuse directly
into the cell for utilization by.the cell rather than diffusing
into the surrounding medium. The end products of the metabolic
.activity of tho‘aoid producing'organisms do diffuse into.the7
surrounding_liQuid-medium and are utilized by the methane pro-
ducing organisms. Formatlon of énd products 1s the result of

many biochemical reactions. ‘In many instances the reactions
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are linked to form pathways which represent in loglcal order -
the decomposition of organic compounds. The pathways may not
be always correct but they best fit the known facts at the

present time.

a. Carbohydrate'decoqposition Carbohydrate decompo-
sition has beencstudied'extensively because of its importance
' to the fermentatlon industries. Lackey and Hendrickson (96)
indicate that carbohydrates must'be in a form no larger than
-‘dissacharides or'monosaccharidesVbefore'they can‘pass through
"the cell wall and be metanolized; Accordingly,'the~first step
in carbohydrate decomeSition must be the hydrolysis of the o
large‘polysaccharide molecules by extra-cellular enzymes.,

‘Starch is hydrolyzed by the enzyme amylase which can be pro-'

o duced by a variety of anaerobic or facultative organisms

| including Bacillus subtilis, Clostridium perfringens, Bacillus

. macerans, Escherichia coll, Stap_ylococcus aureus, and Clos-

tridium acetobu@ylicum. Maltase is the product and this can

pass through the cell wall into the cell where it may be
further‘hydrolyzed to glucose by the intra-cellular enzyme
maltase; Cellulose is hydrolyzed to’cellobiose by ﬁhe extra-
cellular enzyme cellulase and the celloblose 1is broken down to
glucose units by'the intra-cellular enzyme cellobiase; The |
organisms which have been reborted as performing these actions

. are Clostridium dissolvens, 01ostridium thermocellum (167) and

Clostridium omelianskil (96) Visser (172) suggests that acti-,'
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nomycetes also play a part in the'decomposition'of the heml-

celluloses_under»anaerobicvconditions, out of which, according

to the composltion, various hexoses and pentoses are formed.

once the'carbohydratés are in a form capable of passing b
into the cell, further metabolic reactlons take place to pro—
duce energy for the cell and %o synthesize new cellular mater;
1al, .According to Oginsky and Umbreit (l2l)\there'are many
- pathways which can be used to decompose the mono- and disaccha-

~-rldes. The relative proportion that a particular pathway 1s
used depends upon the organism and the enviromental condltions
in the digester. TWO compounds glucose and pyruvic acid hold
key posit ons in carbohydrate metabolism (160, 175). Only a
few bacteria are known which do not utilize glucose. The
degradation of glucose 1n the absence of free oxygen 1g often

) known as’ anaerobic decomposition, glycolysis or fermentation.

I

Pyruvic acid 1s an end product of glucose fermentation and acts
as a link between carboydrate and protein metabollsm.

(Figure 2);/ Tne organisms operative in fermentation may be di-
_uided into six types. The types and names of typical'organisms‘_
involved and tneir end products’are shown in Table 1. Nicker- |

son (120) also mentlons the organisms Clostridium thermoaceti- ‘

cum,iLactobacillus casel and Streptococcus fecalls as being

operative in glucose fermentation.

The formation of pyruvic acid from glucose and other

carbohydrates is dilscussed.in most blochemical textbooks (51,



Table 1. Organisms operatlive in glucose fermentation

Type of Organism

~Products

'Typical Organisms_

Alcoholic fermentation
Simple lactlc
' Mixed lactilc

- Proplonic

| Colon-dysentery
typhold type

“Butyric, butyl

. Alcohols
-Lactlce acld

Lactic acld

. Carbon dioxlde

Saccharomyces cerevislae
Streptococcus lactis
Lactobaclillus brevis

Two-carbon compounds

Lactlc acld
Proplonic acid
Acetlc acld

Succlinlc acld

Lactic acid
Hydrogen or formic
. acld, ethanol
Sometlimes acetoln
Butylene glycol

Carbon'dioxide
Hydrogen _
Acetlc acld

‘Butyric acid

Acetate; butylene
. glycol

Butyl alcohol
Isopropyl alcohol

- Proplonibacterium

arablinosum

Escherichia coli

Aerobacter aerogenes
Salmonella typhosa

Clostridium saccharo-
butyricum

Clostridium aceto-
butylicum

Clostridium butylicum

[
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121, 175).: Siﬁpson (160), Lackey and Hendrickéon'(96) and
Nickerson (120) have elaborated on the scheme as 1t may be
applied to-anaerobic sludge digestion. The élucOse.molecule
~1s converted to a phosphate ester, glucoee46-phosphate,.which
can then follow the Embden-Meyerhof pathway or the pentose
phosphate‘pathway (121);‘ Other pathways of carbohydrate meta-
bolismvhave'been demonétrated in micro-organisms such as the |
Edtner—Doudoroff pathway'and_the glyoxylate_pathﬁay, but their
significance is not .fuily understood | (175). The Embden-Meyer-
hof scheme has been found to be operative in a variety of
micro-organisms (121). Basilcally the’scheme consists of an
alteration in the ring structﬁrelof glucose-6-phosphate that
ylelds fructose—o-phosphate. Thelfructose-6eph05phate enters'
‘a series of reactions in which 1t is broken down to two ﬁhree4
carbon compounds both of which can be converted to pyrﬁvic
- acid. ‘The pehtose phosphate pathway has been shown to be .the
ma jor pathway of carbohydrate metabolism in some mlcro-organ-

isms, e.g. Leuconostoc Sporogenes. Glucose-GQphosphate is

oxidized to 6—phosphog1uconic acld which in turn is oxidized
and decarboxylated to form avpentose phosphate.‘ The five-
:carbon comPOund,is degraded to a two-carbon compoﬁnd and a
threeécerbon'compound; The three-carbon'compoundlenters:the »

glycolytic pathway and ie.converted to pyruvic acid.

: Pyruvic acid can be broken down to a number of organic

aclds, alcohols and ketones under anaerobic conditions.
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Simpson (160) cites Baldwin (9) in describing the four main
pathways by which pyruvic acid is decomposed anaerobically:
reduction to lactic acld; decarboxylation to a two-carbon
intermediate which can eventually lead to the formatilon of
acetic,,aceto-acetic and butyric aclds, ethyl, bubtyl and
propyl aicbhols and/or acetone; decarboxyiation to acetalde~
hyde which is eventually transformed into ethyl alcohol, and a
reaction which produces acetic and formic acids,

b. Lipid decomposition | Lipid metabolism has not been

studied to the same extent® as'carhohydrate and protein metabo-
l1ism and much work remains to be done (175). The hydrolysis
of fats by lipase enzymes yields glycerol and fatty aclds,
.Glycerol may be converted to glyceraldehyde phosphate which is

' able to enter the Embden-Meyerhof pathway for further degrada- i'

tion to pyruvic acid, The fatty acids are believed to be
‘odecomposed aerobically by a series of reactlions known col-
lectively as Knoop's K}-oxidation theory (160). The straight o
_chain fatty aclds are broken down to one-, two-, or threee
_'carbon compounds which may be used by organisms to produce
carbon dioxide and methane, Neave and Buswell (118) proposed
an adaptlon of Knoop's theory, as ‘a mechanism for the degrada~- -
tion of the higher fatty acids, to fi¢ anaerobic conditions. |
Experiments with higher fatty aclds than acetic acid showed a
carbon dloxlde production greater than that avallable from the

carboxyl group of the fatty acid. ’They'suggestéd that the
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extra»ox&gen came from water and the resulting hydrogen com-
bined with carbon atoms of the same moleenlea Lackey and
Hendrickson (96) diad not agree wlth the explanafion and con-
" cluded that although fatty acids are believed to be the
principle precursors of methane in sludge digestion little is

known of the mechanism of their metabolism.

c. Organic nitrogen decongosition "~ +The forms of

iorganic nitrogen in raw sewage sludge are mainly'urea, whole
'. proteins and degradation productsdof'proteins‘(§6). Urea is
the predominant form but this is probablyideconposed aerobic~
ally before the onset'of anaerobiC'conditions. The degradation
ofdproteinaceous material is initiated by‘h&drolytioireaetions
which reduce the size of the protein parﬁiEIes. The:proteins;
are hydrolyzed by specific enzymic action yielding'in the |
following order, in‘decreasing cdmplekity; proteoses,ipeptones,
peptides and enentually amino.acids.' Lackey anddHendrickson
(96) state that the largest protein deéradationfproducts
which can enter the cell are the peptones, which may be fur-
ther degraded by inﬁra-cellular enzymes"to the amilno acids.

_ After hydrolysils of the profeins to amlno acids, several

types of amino acid breakdown can occur depending upon the

organisms present and the environment For example,’ at low
pH values amino aclds tend to be degraded by deoarboxylation .
reactions ylelding alkaline amines, and at high pH values

 deamination of amino aclds ylelding ammonla 1s more prevalent. o
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Gale (52) reported a pH of U4 to 5 for optimum decarboxylation
and Sﬁepﬁensbn and Gale (166) reported a pH of.T}to 8 for
éptimum déamination. Not all of the reactions can be‘peré
formed by ali bacterlia and hot all of the amino'acids are
degraded in the‘same‘fashion. Fér a’complete stﬁdy of amino
~acid metabolism, each amino acid must be cbnsidered'sgpa-
‘rately (113). Some of the more genéral reactions are deamina-

 tion, transamination and decarboxylation (51). Under anaero-

bic conditions certain members of the genus Clostridium are

known to deaminate glyclne to acetic-acid.
| ‘CHQNHQCOOH + 2H + H — CH3'coon + NH3 # HQO

The hydrogen is supplied by a concurrent oxidation of alanine.
‘ Cardon and Barker (27) described the overall equation for

.the deamination and decarboxylation of alanine.

3NH2?HCOOH-+ 2H20 -——9 3NH3-+ 2CH3CHQCOOH +'CH3COOH
. CH3 o +C02

According to West and Todd (175)‘5 very important re-
actlon 1p the formation and deamination of amino acids 1s.the
transamination reaction. The amiho group of one amino acid |
may be reversibly'transferfed to the{keﬁo écid 6f.anothef
amino adid'tbus effecting amino acidéketb,acid 1nterc§n-
version. Many micro-organisms céﬁ‘pebform the following

reactlonss’
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L-Glutamic acld { oxaloacetlc acld=—>  «-Ketoglutaric

i acid + L;aspartic acid

L-Glutamic acld 4+ pyruvic aclds—> «‘-Ketog‘lutaric

, " | acid + L-alanine.
The example 111ustrates the 1mportan¢e of this reaction in
énabling an organism to 1ntérrelaﬁe}carbohydrate'metabolism,
prbtein metabolism and lipid metabolism.' Ffom these and other
 amino‘ac1d reéctions end products'are obﬁained whlch are simiév

: lar to the breakdown products of 1lipids and carbohydrates.

'2.‘ Gasificaticn,n
| The ehd pfoducts of the acld producers are utilized by
the méthane fofmers to‘producé methane anﬁ carbon dioxide.
' Grune et al. (67) cited Omelianski, who in 1902 claimed to
have 1solated two organisms from the anaerobic fermentation of |
cellulose, cne_of which was capéble of producing hydrogen and
the other methane. In 1936 Barker (15) presqéfgd_a survéy of.
the knownfmethane prbducing'brganisis.f Untll this ¢ate a‘:
pure culture of a methane produging oréanism had not been
obtained.. He developed'mgthods for bbtaining highly purified '
cultures of four of these organiéms. Since that tlme four
additlonal species‘of methéne_producing bacteriafhavévbeen
1solated bﬁt not in pure culture. The nine known species of .
"methane Bacﬁeria‘af'thé present‘timé.and the‘éubstrates thgy

utilize as listed by Barker (12) are shown in Table 2.

~ -



Table 2. The known‘species of methane bacteria

Méthane bacteria

Substrate

Methanobacterium formicium‘

Methanobacterium omellanskil

. Primary and secondary

Methanobacterium propionicum .

Methanobacterlum sohngenil
‘Methanobacterium suboxydans

Méfhanococcus mazel
. Methanococcus vanilelil
Methanosarcina methanica

‘Formate, carbon monoxide,

. hydrogen

_ alcohols :

Propionate

Acetate and butyrate

Butyrate, valerate and
caproate .

' Acetate and butyrate

Formate and hydrogen
Acetate and butyrate

Methanosarcina barkeril ‘Methanol, acetate, aldehydé

Heukeleklan ahd Heineménn (17, 78), folldwing Barker's early
work, developed a method of enuméiating thé methane organisms
in éeWage sludge. They also éstablished a‘correlation between
the numbef of methahe orgahiéms'and the rate of gas production
'1n the digestion of sewage.sludge under é_numbér of differént-
- cdndifions. | . | | |

' The characteristics of the methane producing organisms .
are discussed by Heukelekian (71). They are.strictiy_anaero~
‘blc to the extent that, even in the absence of molecular oxy-
gen, methane'fermehﬁétibn willl not take place in. the presence
of nitrates. Suifates retard methane fgrmentation at 100 mg/1
sﬁlfidé.éohcentration (4,:139). -Methane pfoducing-organisms

- requlre carbon dloxlde as a hydrogen acceptor,lexcept31n the

case of the fermentation of acetic acid. The organisms are .
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extremely sesitive to pH, the optimum range ,being 6.4 to T.2.
Levels of pH below 6.0 and above 8.0 cause the rate of growth
| to fall off'rapidly.: Heukelekian‘and Heinemann (78) found
more methane produclng organisms in the,sludge thanfin the
supernatant. The methane produclng organisms are belleved to
develop slowly and they have a long generation time.
| McCarty (103) in 1963 discussed the chemistry of methane
fermentation,summarizing the existing knowledge on the subJect.
| He states fhat'methane-results from two major sources, as

shown in the equations:

14

‘Carbon dioxide reduction -0, + 81— © H)_,,-I— 2H20

14,

Acetic acid fermentation C- H3COOH———)C Hu-f COo

A third source which appears to be of relatiyely minor‘im-
'portance_is the reduction»of methanol as reported by Stadtman
and Barker (164) and confirmed by Pine and Vishniac'(126);
Pine and Vishniac suggested that a common intermediate was
‘involved in fermentation of methanol and acetate'to methane,
'.Omelianski as cited by Grune et al. (67) suggested a prelimi-
nary decomposition of acetic. acid to hydrogen and carbon |
dioxide to methane by the hydrogen. Buswell (18) doubted the
-~ valldivy of this mechanism because hydrogen is only formed in
.a digester in barely detectable quantities. A |
The reduction of carbon dioxide to methane was proposed

»by Barker (13) in 1936 based onh the results of experiments

- -
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with ethyl and butyl alcohol. Carbon dloxide acts as‘a hydro-~
gen acceptor and’is reduced to methane by hydrogen enzymatic- |

ally'remoyed from the organic molecules. He formulated a
general equation for the processi' | |

UHpA + COp——> 4A + CHy + 2HpO
'where HpA represents any organic compoﬁnd which can be‘acti-
vated by the methane producing bacterlia so that it can act as
a hydrogen donor for the reduction of carbon dioxide.

The fermentation of acetic acld results in the production
of methane and carhon:dioxide byia split'in the acetic acid
.molecule, Methane comes from the methyl group and the carbon
- dloxide comes from the,carboxyl group.. Stadtman and Barker
(164) used radioactive tracers to show this,oecnrrence.
éuswellfand-Sollo-(éu) reasoned that methane originates.prima-
}rily by a simple decarboxylation of acetic acid. ' The above
".theory was supported by the preliminary investigations of
Grune et al, (67) on the mechanism of methane fermentations
They labeled sodium acetate with 014 in the one and two carbon
positions separately and fed the 1abeled compounds to a di-
gester., The products showed that most of the carbon dioxide is
derived from the carboxyl group directly without goling to |
methane and that some of the carboxyl group is decomposed by

a slower, longer pathway to form methane directly.
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The 1mportance of eachvmechaniém in the fermentation of
complex materials has been demoﬁstrated'by Stadtman and Barker
(161) and Barker (14) with reference to the overall fermenta-

‘tion of ethyl alcohol.

2CH3CHpOH + 2Hp0 —= 2CH3CO0H + 8H

8H + COo _ ~ —— CHy + 2Hx0
2CH3CO0H ——— 2CHy + 2C0o
.TOTAL 20H3CH20H_ — 3CHy + €0,

The equations show that 67.per¢ent of the methane results from
‘acetlc acild termentation'énd 33 percent results from the reduc-

tion of carbon dioxide,

‘Even carbon fatty acids such as acetic acld are believed

to be fermented in the above manner. The formation of methane

from'propionic acid, an odd carbon fatty acld, has been shown -

by Stadtman and Barker (162] to proceed in the following way:

- 4CH3CHpCO0H + 8HoO ——= 4CH3COOH + 4C0p + 24H

3C0p + 24 L ——— 3CH4 + 6HL0

TOTBL 4CH3CH2000H + 2H20 -—f 4Cﬁ3COOH f Co, + 30H4

- The tracer experiments of Stadtman and Barker indicated that

the number two and three carbons of prépionic acld ended up'as'
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the carboxyl and methyl carbons respectively, of»a¢etic acid.
Buswellret al. (21) did not'agree with these results, but their
difrering results may have been due to blochemlcal side re~ |

actions. McCarty et al. (105) gave equations to represent the

- fermentation ‘and gas production from four volatile acid SQ}ts.

‘ . ‘Moles gas
Formate ' . , : per mole acld
'HCOONa + 1/2H20 + 1/4002——>NaHCO3 + 1/401&4 0
Acetate _ ’ ‘ |
cH3c00Na + Hp0 -——>NaH003 +cHy 1
Propionate‘ | IR ”

"H3CH2000Na + 1/2H20 —-—>CH3c00Na + 3/4CH4

| . +1/ 4Coo
cn3cooma + Hzo | - —>NaHCO3 + CHy 2
Butzrate - B
| ‘cn3cnzcnzcoorea + NaHCO3 — 20H3000Na + 1/20}14
, +l/2002 ‘ |
2CH;O00Na + 210 ~ —>NaHCO3+ 2CHy 3

Fofmaté and'écetatévaré fermented directly while propionate
énd.butyrate are both first converted to acetic acid which 1s
'then'converted td,methane and carbon dioxide glving tﬁo,Sﬁage
reactioﬁs, The relatlive gas production per mole of each'acidnﬂ
salt 1is also shown. f | |

Gases other than carbon dioxide are formed in anaerobic

- digestion. Rudolfs and Heisig.(luo)Aand Buswell and Hatfleld

-~

Y S
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(22) reported the production of small amounts of hydrogen.
. Buswell and Hatfield concluded that 1t was the nature of the
compound fermented and not the culture which determines the.

'production of hydrogen. In 1930 Buswell and Neave‘(123) showed

that Escherichia coll ferﬁentsrglﬁcose to produce h&droéen and

carbon dioxide. Rudolfs and Heisig (140) have also reported
the presence of small quantiﬁies of carbon monoxide in the di-
'éestion of screenings. | . |
According to Heukelekian (71) a small amount of”nitrogeh
is prbdqud in a=digester,.lThéreﬁié'no known fermentation
- process that can‘produce'nitﬁogen'gas direct;y frém.proteins
or‘aminé acids and_thus Buswel1 and Strickhouser (25) put for-
ward thé explanation of'fhe dissolution of nitrogen gas due to
changes in partial préssures present 1in the'freSh solids,
Hydrogen sulfide .is present'aé ﬁhe result of the re-

. duction of sulfates and sulfur in organlc combination.

C. DigesterIOpefation; . 3 T 5¢l
Fair and Moore 15‘1934 (4&) summarized the work of mahy
authofs regarding the effectfofﬁtempergfure on the time and
" rate of sludge digestion. They discussed the results of work
by Heukelekianl(72a,.73),vKéefer and Kratz (90), Rudoifs_(l#i),'
Zack‘ahd Rdwards (178) and others, and supplemented thesefre;—A
‘sults with data of their own. ALl results were obtained from -

experiments with batch digestion and the digestion time was

o
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the time required to produce 90 percent of the total gas
prpdueed during the runl. - Optimum temperatures for the maxi-
mum rate of digestion (shortest detention time) were obeerved
to be 28°C in the mesophilic zone and 42°C in the thermophilic
éone. Temberature ehanges of a few degrees from the optimum
adversely affected the rate of digestion in the thermophilic
“zone to a much 1arger extent than in the mesophilic zone:>
The authors believed that two different groups of organlsms |
Were operative in digestion and each group had an optimﬁm
temperature requirement. Between the mesophllic and thermo-
phllic zones, both groups of organisms were worklng at a
,disedventage. Falr and Moore (42) concluded that activated
i_sludge may not digest in a manner similar to primary tank
sludge since the digestion rate with ectivated sludge increased
with temperature from 25°C to 50°C, The authors'mentioned'
that data were not available for determining,the effect of
'temperature on the'digestioh of a‘single type of sludge. At
a later date (43), they_obtained these data which also showed
that digestioﬁ rate seemed to pass through two optimums.which
‘ ﬁere related to temperature;"rThe optimum temperatures for
mesophllic and thermophilic digestion were_37°C and'53°C,‘

respectively. The times of digestion at these"temperaturee

1Gas productions are measured usually in relationshlp %o
the total or volatlle solids added to the digester, and are
expressed as cu ft of gas produced per day per 1lb of total or
volatile solids added to the digester (cu £t per 1b valatile
 or total solids added per day). .

—
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were,22 days and 8 days, respectively. Heukeleklan partially
disagreed with the findings of Fair and Moore. He observed
(72) that the time of digestion did not materially alter
between 28°C and 42°C. Malina (100) studled the effect of
temperature on the digestion process at 32.5°C, 42;5°C and
52.5°C. :He observed the effect of temperature to be inde-
pendent of loading rate and detention time. A reduction'in
rolatile materlal and an lncrease 1n alkallnity and volatile
aclds occurred as the‘temperature increased., The digestion
. process was most 1neff1cient, as measured by gasvproduction;
| gas quality and pH, at 42.500 thus supporting Fair and Moore's
(44) observations.' AtA5é.5°C most of the digestion~parameters
indlcated that the digestion process was Inferlor to digestion
at 32.5°C although more volatile matter was destroyed at
52.5°C. .Many experimenters (46, 73, 138, 142, 143) have com-
pared the<thermophilic and mesophilic digestion processes.
Thermophilic digestion can operate at higher organic loading.
rates,'it produces a more.concentrated sludge, a larger gas
yield is obtained ‘and a greater reduction in volatile solids
. 18 observed. The disadvantages of the thermophilic process
eare° in 'a single stage system a poorer supernatant is produced
the digested sludge is more difficult to dewater; disagreeable
odors are a more frequent occurrence, micro-organisms in the
process are more susceptible to the effect of toxic materials,
and the economlcs of the process may not be favorable in many

instances. Rudolfs and Heukelekian in 1930 (141) indicated
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' that the heating of a digester to a temperature of approxi;
mately 50°C,would_be uneconomical. This would depend upon
climatic features. ' ' |

In 1948, Heukelekian and Kaplovsky (79), obtained results
from studies of the effect of temperature changes on thermo-l
philic digestion at'50°C, The results showed that with 
active thermophlilic digestion a decrease 1n digestion rate
- would occur if the temperature were decreased. Thevrate was
found'to-return to normal values 1f the temperature was agaln
increased, Garber in 1954 (53) compared the digestidn of
sludge at 30-36°C, with the digestion of sludge at 50°C. He
found no'significant difference,between the_processes at 30°C
and 38°¢ but at 50°C the digestion process was much more
rabid. ' The thermophilic process Was stable and 1t produced a
more readily dewaterable sludge than did_the_mesonhilic pro-' |
- cess., The latter finding contradictS'previous ldeas of thermc?
| philic digestion.‘ Golueke (56) confirmed Garbers results.
He attempted to show that the rate of digestion did not remain
constant or decrease between the mesophillc and thermophilic
zones. Sludge was digested at temperatures ranging from 30 C
%o 65°C at 5° C intervals. Within the temperature range 35 c
to 60°C, no significant difference in gas production, volatile
sollds reduction and dewatering characteristics could be
noticed. The digested sludges from the 50, 55 and 60°C di-

gesters were of a superior quallty to those from the remaining
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digesters. Volatlile aclds and pH both increased with tempera-
ture. | o | R
The pH of digesting sludge has been.shown to affect the

digestion process, Casselliand Sawyer”(3l); Schlenz (156);
Coulter (35) and others recommend a pH of 6.8 to 7.2 or close
to these values for optimum digestion. Stadtman'and Barker
(164) have shown that certain methane forming bacterila.have
optimum pH values where they grow most rapidly between 8.0 and
9.0. The use of pH as an indicator of the condition of di-
'gestion has been'superseded in many_instances-in recent_years,'
by the level of tolatile aclds in the digester becauSe'by the
tlme a change in pH is noticeable the buffering capaclty of
the sludge nas been;virtualiy destroyed. The volatlle acids
test is more senSitive, but pH is still used as a COntrol,
especially in starting digesters. - |

~ The maJor intermediate compounds formed by the acid pro-
duclng organisms in the digestion of sewage sludge are the

l, more often called‘the

short chaln volatlile organlc aclds
"volatile_acids,? They are formed from the decomposition«of
complex organic compounds and they serve as the ma jor substrate
for the methane producing}bacteria (104). The obvious im-
portance of the tolatile'acids In sludge dlgestion suggested to

many workers (11, 22, 148) that a knowledge of the volatile

Formic, acetic, propionic, butyric, etc, up to a6
carbon chaln.
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aclds present in digesting sludge would provide better control
for.the process than relying on pH values. It was noticed
that an increase in the volatile acid_concentration in digest-
ing sludge heralded‘the onset of poorer digestlon. This
occurred before a drop 1n pH, and 1f the volatile acid_concen-
, tration eventually rose above 2000 to 3000 mg/l,'the methane
producing organisms'werefseriouSIy retarded. Two'theories have
developed regarding the effect of high concentrations of vola-
tlle aclds on the dlgestlon process: |
1. The volatile aclds are indirectl& toxic to the
methane producing organlsms by lowering the pH.'
of the dlgesting sludge. | |
2. Volatile acld concentrations above a certailn 1eve1
usually 2000 to 3000 mg/l, inhibit the methane
producers regardless of. the pH. |

In support of the first theory, Golueke et al. '(57) concluded -

from experiments on the anaeroblc digestion of algae that high

VOlatile acld concentrations exhibit an inhibiting effect due
to a 1owering.of the pH. Cassell and Sawyer (31) showed that
maintenance of'an'optimum pH 1s the factor of primary practi-
cal importance in initiating digestion. Kaplovsky (87) and
Sawyer et al., (149) also support thé theory that_any'detrimene
tal‘effects due‘to high‘volatile aoid concentrations can be
overcome by maintaining optlmum pH levels wlth lime or some
other chemical, The experimenters WhO'supported'the'secondf

, theory believed the aclds Were‘directly toxlc to the methane

B RN YA
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. producling organisms'and that the lnhibiting actlon could only
be relileved by reducing the volatile acld con¢entrat1qn.' This
view was suggested by Buswell andiHétfield (22) in 1936 and

‘has'been'supported by Schulze and Réju (158) and Mueller'gglgl.
(117) in recent years.

McCarty and McKinney (108) in 1961 undertoock a sﬁudy to
determlne thé fundamental‘effect of volatile acids on methane
formation in anaerobic dlgestlon and to resolve the apparent
difference befween the two theories presented ébdve." The re-
suits of the study showed that the inhibltion of methane bac-
teria assoclated with an increase 1n volatile acid concentra- |
tions was not due to vélatile acid toiicity but was due in a.
more general way bo "salt" toxicity. The difference 1s that
salt foxlelty depends upon the types and concentrations of
‘the cations of the volatile acid salts rather than upon the
anions as in volatile_acid toxic1ty, Using this conCept as a
‘basis, the authors proceeded tovexplain that relatlvely high

concentrations'of‘volatile aclds can be tolerated provided

they‘are'asséciated with cations of low toxicity,.'The'hydrogen,

ion 1s khown to be oné of the most toxic cations to blologilcal
systéms.“ A drop 1n pH would inhlblt the methane producin
organisms because of the 1ncreased hydrogen lon 00ncentration.
If an alkaline material 1s added to adjust a low pH In a sys-~
tem, no béhefits:will be obtalned unless the cation employed

1s less toxlc than the hydrogen lon., The work of Keefer and

—
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Urtes (92, 93) supports the salt toxlcity theory. Volatile
'aéid concentrations as high as 13,000 mg/; were néutralized
wlth lime and active-digestion continued. The cdncluSions
which can be drawn %rbm the work of McCarty and McKilnney (108)
" and Keefer and Urtes (92, 93) are: |
1. The low pH valueS»assdciated with high concentrations
of volaﬁile aclds do inhiblt the digestlon process.
Control of pH is essentlal in the operation of a
dlgester. v | |
2. The anionic portions of the volatlle acids are not

| directly toxlc to the methane producing drganisms

in the concentrations suggeSted in the second theory.

3. Consideration must be given to the cationic'poftions
of_the'vdlatile aclds when studles are made of

~volatile acid toxlcity.

_ McCarty and McKinney (107) followed up the salt toxlecity.
theory with a study to determine the effect of neutralizing

volatile aclds with alkalles containing different cations. The

catlions in ordér of’ihcreasing toxicity.were calclum, magnesi-
Aum,usodium, potassium and ammonium; Certaln ion anfagénism
effects were noticed.and'these wlll be discussed latér;
Sodium, potassium and ammonium compounds wefe-found,to be
sultable for neutralizétion of volatile acids concentrations
up to 2000 mg/l but from 2000 to 10,000 mg/1, calcium and

magnesium eompounds were preferable, McKinney sﬁggested that
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 : 1f the volatile aclds in . a digesting sludge are neutralized
with magnesium compounds; the magnesium wlll remaln 1ln the
sludge as soluble magnesium bicarbonate when balanced condi-
tions'are.restored.“ The 1increased bicarbonate concentration
will fesult in an increase 1n pH beyond acceptable vélues__

. which might slow doﬁn'the‘rate of digestion. if ealcium com-
~pounds are‘used,.the calclum will precipltate from solutlon. |
_ The effect of high'concentrations of individual volaﬁile
raclds on anaeroblc treatment has been dlscussed by McCarty |

and Brosseau (104). It was concluded that high concentraQ
tions of acetic, propionic'or butyric acids do not affect the

- methane bacteria."Sudden'increases of acetic acid and butyric
acid up to 6000 mg/l ﬁére stimulatory to thé process. Propi-
'onic'adid concentrations up to 8000 mg/l.causéd an initial

4 1nh1bitioh of the gigeétion prbcess'Which gould be‘overcome

by a short périod of accl1mat1zat1oh. It was shown that the
'propionic'acid affeéted.the;acid producing organisms. The

authors 1ntrodué¢d concepts of ﬁtemporary" and_ﬁpermanentnA

causes of unbglance'in a_digestér. The témporafy cauSés '

1nclude:an insuffiéieﬂt population of. methane pfoducing organ-

1sms aé:may'occuf.1n d1gester‘start-up, 1ncreased‘organic

loadipgs, ineffective mixing and Sudden'temperature changes.

- Temporary ¢au$es éan be removed by malntalning a neutral pH

.énd allowing_sufficient time for the methahe forming organlisms

to re-establish themselves. The permanent causes of digestion
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als which may not be toxlc 1n the concentrations normally ex-

‘perienced'in domestic sewage sludge but which may be toxic in

highvconcentrations. ‘Permanent causes may only be eliminated
by removing the toxic material or reducing its concentration

on o a non-toxlc level,

The volatile acids normally present in digesting sewage
sludge under different operating conditions have been reported
in the 1iteratﬁre. Liubimov and Kagan (98) state that during
the acid: fermentation stage in mesophilic digestion caproic,
propionic, butyric, isovaleric, acetlc and formic aclds were .

present.‘ When normal alkaline digestlon was established

v butyric, isovaleric and propionic acids.disappeared° "Hindin

and Dunstan (81) and Mueller et al. (117) found that acetic

, and propionic acidshwere the major aclds present at times of
,high VOlatile acid concentrations. Butyric aclid was found in

' lower concentrations and formic and lactic acld were found

only in low concentrations., Kaplovsky (86) observed the
presence of acetlc, proplonic, butyric. and valeric aclds in

the digestion of'yeast and slaughterhouse wastes. He found

| only acetic and butyric acids in the digestion of white water.
| Pohland and Bloodgood (127) studled the mesophllic and thermo-

philic digestion,processes and concluded that acetic and pro-
pionic acids were the major aclds pfesent in both processes.

They concludead that acetlc acld was the most important vola-
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tile acid intermediate in sludge digestlion and the primary
source of gas production. McCarty et al. (105) found during
Start.up of a digeéter that the principal Qolatile.acids’ |

- present were butyric and.acetic'acids. If the process de-
teriorates after active fermentation has starved, the mejor
aclds produced are acetic acid and propionic acid. They
studled the formation of volatile aclids during digestion by
adding individual acids %o 1aboratofy digeéters‘ahd also by
developing sludges using synthetic substrates., The synthetic‘
'éubstpates were cOmpdsed'of long chain fatty acids, carbohy-
drates of different degrees of cqmplexity, protelnaceous
materials and mixtures of complex prgénic compounds, The re-
sﬁlts indicated that acetic acid 1é the most pfevalént inter-
mediate'volatile acid produced in the dééomposition of ali'the o
above substrate types. The maJor volatlile acids obtained frbm
the digestioh of carbohydrates were propionic éné acetic acid;
| from'proteins; they were propilonic, butyrié and‘acetié acid;
and ffpm fats, théy were acetlc and butyric aclds. Again, the
ma jor aclds found during the occurrence of unbalanced con-
ditions were acetic and proplonic acids. Formic and butyric‘
acids were found to be metabolized easiiy during the digestion
process but the authors thought that butyric acid doéé‘not

occur as a true intermedlate volatile acid, it hay-bevéynthe-

sized by'ciostridia or similar organisms prior to methane

fermentation.
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Schulze arnd Raju (158) showed with experimental digesters
that maximum feed rates of 0.2.g of propionic acld or 1.0 g of
‘acetic acid of-i;6vg of hutyric acid per liter of.digester |
volume per day conld be quantitatively converted to ges.
Keefer and Urtes (92, 93) disagreed with these maximum feed
retes,'suggesting maximum rates of 0.13, 0.31 and 0.18 g per
day'per liter for propionic, acetlc and butyric aclds, re-
.spectively., They did‘agree-that proplonic acld was the most
difficult to convert to gas. Thesevauthors also showed that
the dlgestibillty of the three aclds varied.directly nith
thelr lonlization constants. o

Many studies have been made of_the toxlc effects of.
'heavymetals on the anaeroblc digestion proceSS.. The results
show a high degree of varlance depending upon the particular
study. vCopper has been shown (135,‘136, 138) to be inhibitive
to the digestion process at concentrations above 0.07 percent
}of the dry\solids. However, some digestion units have been
able to withstand copper concentrations of 1. 5 percent of the
dry solids content without noticeable effectst(32, 110).

Nickel has been reported by Wischmeyer and Chapman (176)
to stimulate digestion in concentretions up to 500 mg/l and %o
retard digestion above this concentration. '

McDermott et al. (109) evaluated the effect of zinc on

fsludgeldigestion and found that concentrations above 340 mg/l
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in_the'digested sludge produced toxic effects.

The efféct of iron‘compounds on the sludge digeétion
process has been reported'by'Rudolfs‘gg_g;,(144) and Setter
(159). Concentrations ranging from 100 mg/l to 1000 mg/l have

caused retérdation'of the digestion process.

Pagano (122) discussed the ability of the‘digestion pro=-
cess to handle successfully 50 to 200 mg/l of trivalent chro-
" mium on a slug-feed basis. On a continuous feed‘basis, 3 tp'6
mg/1 of trivalént chromium and'l.25 to 1.5 mg/l of hexavalenf
chromium coﬁld_be tolerated, Ross (32) supported these ré-
sults_showing'that hexavalent chromium waé more toxic than

'trivalent chrommum.

McCarty et gl.:(1065 studled the effects of copper, zine
nickel,'and 1ron singly, and in'combination, on anaerobic di-
gestlon, Coppef, zinc and nickel were found to‘be'toxic %o
anaeroblc digestion but high concentrations of iron could be
tolérated on a daily'feed basis. The sum total concentration
of all the heavy metals was determined to be the significant
factor in evaluating heavy metal tpxicity.A,Maéselli et al.
as clted by McCarty et al. (106)-showed the toxiéity of copper

%o depend upon the sulfide concentration in the digester
because of precipitation of copper suifide. ‘McCarty EE'él'
(106) found-that_toxicity due to hea#y metals will only re-

sult when the sum‘total concentration of heavy metals exceeds

>
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the equlvalent concentration of sﬁifides for precipitation;
The authdfs suggested the addition of'ferrous sulfate to a
digéster as a_control or pre@autionary method agalnst the
effect of toxic heavy metals. Iron is not toxic to the or-
ganlsms in digesting sludgé,excépt in very high concentra-
tions. Inside the d1gester ferrous sulfate is reduced to
ferrous sulfide which 1s more soluble than the sulfides of
copper, lead; cdbalt, dickel and zinc. Thus, if a téxié.
-heavy metal 1s added to a digesting sludge which contains

. ferrous éulfide, the sulfide of the toxic heavy metal will be -
- preclpltated. As a prec:!.bitate the toxlec heavy metal cannot
exert.é toxic efféct on the organisms in the sludge. Care
shduld be exerclsed not to achieve excessive concentrations
of sulfides bécause they afe toxlc themselves to the methane
bacteria in concentrations greater than 200 mg/1 as sulfur
and they are corrosive.. Expériments have shown that the
~addition of sulfide precursors has. allowed the presence of
more than 10 percent 6f‘heavy.metals, on a dfied volatile

solids basils, without inhibitingithe_digeétion prbcess.

 Between 1960 and 1964 McCarty et al. (106) determined

- the effects of different lons on the methane fermehﬁation
stége‘in tbe énaerobic waste treatment process. A synthetic 
medium was used to maihtain the bacterial cultures, and only

acetlc acld, 1ts salts, and the various catlons in the form

of their chloride salts were fed to the cultures. The conelu~




48

- slon reeched by the experinentere wes that the catlon effects
~are a function of the types and concentrations of all the
'catione present'in the environment. Optimum icnic concentre-
tions of sodium, potassium, ammonium, calcium and magnesium
were found and'concentrations elther lower or ‘higher than the
~optimum resulted in less than maximum efficiency of the me-
thane fermentaticn process., Synergistic and antagonistic
effects were noticed. Inhibition by one cation could be in-
creased, synergism, by adding‘certain other cétions, even
though the concentratlion of the synerglstic catilon was weil
below 1ts own inhibitory-level. However, inhibiticn due . to
an excessive>concentration of any one of the ilons studied
could be antagonized (minimized) by the_additicn of the opti-
mum concentration of at least one of the other four cations..
MaxLmu antagonism was attained with addition of the optimum

concentrations of several other cations.

The increaeing use.of radloactive lsotopes 1ln sclence
and lndustry hes stimulated the study of thelr effects cn
- waste treatment processe$. Dietz_and‘Harmesona£37) used
batch and continuous sludge digestion units to determine the
effects of three radioactive 1sotopes onithe»two.processes and
to determine the concentration ofithééiSotcpee'in'ﬁhe'solid
iiand'iiquid'pcrtions.of the sludge. Control experiments were
run using the non radioactivé.forme of the isotopes. The re-

sults of the batch tests are shown in Table 3.
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Table 3. Effect of radioactive materials on anaerobic
digestion. '

- Radioactive material added to Effect on digestion as
. provide 200 millicurles per liter measured by reduction in
v gas productlon

p32 _ 15 percent

i3 | L4 percent

835 - - 50 percent.
Mixed fission products | 20 to 40 percent

‘Results obtalned with thé.continuous process showed no éigni-
ficant,effect of P32, 1131 and_s35 at the 110 microcurle pef
liter level of activity. The fission products caused a 17
percént reduction in gés production overva 3b‘day period.
P32, 335 and the fissilon products tended to concentrate in
wthe Slﬁdge.in the contlnuous process., Radloactlve lodine
d1d not concentrate in the sludge. Grune gg.gl;.studied.the
effect of radiophosphorus (62) and radioiodine (63) on batch
vsludge digestion. They found no significant effect on the'di;
gestigg brocess dueito’the radioacfivity of the.P32 up to con-
centrations.of 160 millicuries per liter. The‘uptake of‘P32
by the solid'component of the‘siudge'inéreaSed exponéntially
'from 12 to.18 percent with.an'increase of the initia} radio-
activity concentration from 50 to 800 millicuries per liter.

- The percentage remoggd in the llquild phase also lncreased with
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tan.increase in the 1initlal radloactlvity concentration. No
.significant changes were notlced in the'uptake'of 1131 with in-
‘creases in the 1nit1al radioactivity up to 100 millicuries
per liter. At 1east 60 percent of the aetivity appeared to
be concentrated in the solld component. In 1963, Grune et al.
(67) extended their work on radioactivity and digestion. The
veffeets'on anaerobic digestion ofvc14 and Srgo in eoneentra-~
‘tiens up to one millieurie per liter and the distribution of
these isotopes between the solid and 11Qu1d phaSes were de-
termined. Batch digestion results indicated no significant
effects of C14 or sr90 on gas productlon and quality; rate of
digestion, volatile aeids, lag phase perilod and reduction-o}
, volatile matter, Both'isotopes were found %o concentrate in
the solid component of the sludge. ; 1

In the past decade, the term high rate sludge digestion'
has been increasingly used %o indicate a dlgestlon. system :
which 1s heated, which 1is uniformly mixed, 1 €., no supernatant
liquor, and in which feeding 1s on an 1nterm1ttent or continu-~
ous basis with a'corresponding displacement of. "mixed liquor”
‘rather:than Supernatant er sludge.. secondary units may or -
may not‘be used in the system. According to Sawyer (143) four
ma Jor factors separate high rate digestion nnits_fron conven-
tional digestion units. The factors are all dependent upon
- complete miking of the contents of the hlgh rate digester:
thermal homegeneity; biologieai balance, or thefelimination of
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the predominance of the acld forming organisms in a scum layer
and a predomlnance of methane producing bacterila in the sludge
layer below; the abillty to bring fresh food_into contact with‘
- the active organisms; the elliminatlon of local high concentra-
tlion of solids, e.g., in the scum‘layer, which have been
shown to be detrimental to the activities of the funetional
organisms in digestion.

.The loading rates of so-called conventiopal digestlon
units and high rate digestion units are'not'separaﬁed by any
well defined.line of demarcation,' Pearse (123) in 1938 cited

'Greeley as glving the volatile solids loading ratel

for sludge
'digestion tanks as 0,047 to 0 07 1b added per cu ft per day '
- for complete digestion and O 105 1b added per cu ft per day
for partialvdigestion.b He reperted the average loading of
the digesters at a number of plants as 0,041 1b vola’é_ile |
sollds added per cu ft per day. Digestioh unlts dperated in

| this range of loading rates are often sald to be operated at
conventional rates, Imhoff et al. (84) in 1956 suggested a
conventional volatile sollds 1oading rate of 0,08 1b added per

cu £t per day and Steel (165) suggested 0.02 to 0.06 1b added

.1The term volatlle soiids loading rate means the amount

of volatile solids fed to a dlgester., It 1s expressed in
terms of the pounds of volatlle sollds added to a digester
per day divided by the volume of digesting sludge in cu f¥,
Often synonyms of volatile solids loading rate will be used,
such as organlc loading rate or Jjust loading rate, expressed
as 1b volatile solids added per cu e per day or lb per cu ft
per day.
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per cu ft per dayt The Ten States Standards (59) recommends
loading‘rates of 0.02 to 0,04 1b volatile solids added per cu
£t per day, or greater than 50 days detentlon timelfor con-
ventional digestion. Babbitt and Baumann (6) indicate that
conservative‘designs use values‘of 0.04 1b volatile solids
added'per cu £t per day and less, or more than 30 days de-
.tention time. The trend in large plants'is toWards loading
dlgesters with 0.08 to 0.21 1b volatile sollds added.per cu
ft per day or 10 to 15 days detentlon time, .

The method of referring to digester loading by-duoting
the additlons of solids on a dry or volatile solidslbasis ras
questioned by Rankin (léOa). He noticed that detention timet
'appeared,to bear a closerjrelation to performance as measured

by volatile matter reduction. Sawyer (148) and Sawyer and

Schmidt (152) agreed with this observation.

In 1954 Morgan (116) attempted to increase the rate of-
sludge digestion above conventional rates by recirculating
digester gas to mix the digesting sludge. He found 1t possible
to digest sludge at a leading rate of 0.345‘1b volatile solids
added per cu ft per day with a sludge detention time'of'7 2

days., Also in 1954 Torpey (168) succeeded in feeding concen-
ntrated primary and activated sludge to plant scale.sludge

‘ 1Detention time 1s the theoretical time a sludge particle .
remains in a digester, It 1s based upon raw sludge additions
to the digester and the removal of digested sludge from the
digester.
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digesters at a rate of 0.19 1b volatile sollds added per cu ft
per day with a detention time of 11 days. The cbntentsvdf |
the primary digesters were mixed by recirculating digesting
| sludge by pumping 1t from the bottom of the digester ahd‘
pubting 1t back in atithe top. At a later date (169) he
loaded a pillo%t écale digestef‘almost'continuouély, without
failure, at a loading rate of 0.87 1b volatile solids added |
per cu ft per day and 3.2 days:deﬁention fimé.‘ Séwyer and Roy
{151) reported operating laboratory digestion units at deten-
tion periods of 6 to 20 days with volatile sollds loadings of
0.38 1b %o 0.26'1b volatlle solids added per cu ft per day |
respectively. Sawyer and Schmidt (152)'successfully opefated
digestlon unifts with llldays dgtention tiﬁe'and*a sollds load-
ing rate of 0.3%4 1b volatlle solids added per cu £t per day. |
Garrison et al. (54) state'that a'minimum;detentionbtime of
elight days 1s:required in practice to produéefa well digestéd ‘
sludge. These authors succeeded 1nlloading plant'digésters
at a rate of 0.43 1b volatile solids added per cu £t per day.
| The effects.of the'increaséd loading rates on the end
products‘of digestion have been reported, Buswell and Boruff
(20) state that the maiimum volume of gas which'can‘be genér-
| ated'in;digestion 1s 8 to 9 cu ft per 1b of volatile solids
_addéd Yo a digester and slightly-more than: double these values
per 1b of volatile solids destroyed m a digester, Higher gas
- productions rénging up to 11,0 cu ft per 1b of volatilé:sdlids
added and 24 cu £t per 1b of volatile solid; destroyed have.
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been reported (160, 151, 168). The quality of the gasjpro-
duced is an indicator of the state of digestidn;'good diges-
tion being charactérized by,a gas made up of approximately

60 to 70 percent methanevand-30 to 40 percent.cafbon dloxide
(171). bther gases are present ln small amounts. As thé
digestion prpgeés deteriorateé, the carbon dioxide content of
the gas lncreases (7). Several authorlties have égreed that
the optimam pH for good digestion 1is close té 7.0. Volatile
aclds concéntrationS.which are lncreasing, or are above about
‘2000 mg/1, usﬁally indicaté the onset of inferior digésﬁion.

_ If4the vdlatile aclds cbhcentration in a digester 1s steady
and below an inhibitory level, then the process 1ls probably
functioning satisfactdrily. _Thé generally acdepted value df '
sludge alkalinity fér good digestion 1s between 2000 ahd 3000
- mg/l. Volatiiezsdlids reduétions in the neighborhood of 35

to 65 percent are expected in a healthy digester.

‘Morgan (116) obtained normal gasvproducﬁiéns'cf 9.0 cu’
.t per 1b of volatile solids added at hligher loading rates.
Reductions in volatile matter deStruction,.gés production,
grease destruction; alkalinity and pH were notlced by Sawyer
" and Roy (151)‘and Sawyer and Schﬁidt (152) as the detention
time was decréased from 20 days to six days. Mueiler et al.
(117) maintained a cbnstantidétention time of 33 days and
varied the loading ratéS'to.aAdigestér from 0.05.to 9,135 1b

volatile sollds added per cu ft per day. At the increésed
loading rates, they notlced an increase in volatlle acids,
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alkalinity, suspended solids in the supernatant; percehtageiof
carbon dioxlde 1n the gas produced and'the volatile solids
content of the-digested sludge. Gas production and volatile
solids reducﬁioh both decreased. |

Garber (53) noticed in experiments on thermophilic di-
gestion thatfthe particle size of»sludge which had been di-
gested at 85°F tc 100°F differed from the particle size of
sludge digested at 120°F, About 80 percentvof the sludge which
was digested at 85°F to 100°F passed a 200 mesh screen but only
65 percent of the 120°F sludge passed the same screen. Balmat
(10) reported that the smaller thesgarticle size of’sewaée |
sluége tﬁe faster the rate of decOmposition.' These experi-
ments suggested to Pierce (125) the possibilit&'of increasing
digestion rates by reducing the particle size of raw sewage ;_
sludge prior to digestion. Pierce observed a higher volatile
acids concentration and a higher rate of sludge digestion
wilth comminuted sludge as compared to the digestion of un-
comminuted sludge. The gas quality and pH remalned unchanged.f:
Edmonds (40) agreed with the results of Plerce and in ad-
'ditionjoﬁtained higher gas,productioh rates with comminuted
sludge. | )
| The.ccncentration of raw slﬁdge prior to digestich is
practiced'to some eitent in practically_alllsewage treatment

plants whether 1t is intentional or not. Many benefits are

obtalned by concentration. Less'digestér capaclty is re-



56

_quired, there 1s less sludge to heat when using heated di-
gesters,‘and for a flxed loading rate the detention time of
the solids in the system 1s increased.

| | Keefer (88) in 1947 recognized these advantages and
attempted toNdiéest sewage sludge on a batch basis at total
solids cOncentrations of 5;3,‘15.0, 25.0 and 32.5 percent.

The sludge was thickened by'adding-ferric chloride in con-
centrations up to 0.24 percent to a mixture‘of three parts raw
sludge to two parts digested sludge. A control digester was
setpup contalning the sludge mixture at 5.2 percent total,
'solids, to which no ferric chloride had been added. The re-
‘sults obtalned indicated that the digestion rate of sludge
contalining ferric chloride was retarded. Increasing the |
sollds to 32.5 percent'also,retarded digestion. In 1951
Torpey (168) at the New York Bowery Bay'sewage treatment plant
was faced with the problem of'having insufficlent digester
capacity tc digest the sludge prodﬁced,in the plant._ To solve
the'prcblem, he thickened the sludge from the primary tanks
and a modified aeraticn process,to 11,2 percent (170), re-
ducing the volume to'such an eXtent‘that only a amali‘fraction |
| of the digester plant capacity was then required for digestion
Loadings as high as 0 123 to 0.19 1b volatile solids added per-
cu ft}per day at a detention time»of 31 days were achieved.
After standing without feeding fcr‘70 days 1in a secondary‘di-
- geeter, the supernatant'contained 1.4 percent solids while

‘the concentration of settling sludge increased from 5.4 to 8.5
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percent. In 1953 the secondary treatment process in the
plant was cﬁahged from modified aeration to step aeratioh
activated‘sludge. It was found posslble to thicken the com-
bined primary and aétivatéd sludge to 6 percent total solids.

A slingle dligester was ldaded wlth thickened sludge at rates

of 0.157 to 0.193 1b volatlile solids added per cu ft per day

‘at a detention time of 15 days. Torpey mentioned that certain

precautions should be taken when digestlng sludge at high
concentrations and high loading fates. The system should bé
wéll,mixed, the‘sludge_shbuldlbe fed almosé continubusly and,
When‘stafting the digesters, the load should be 1n0reased |
gradually over slightly longer periods of time than,are
usually required, | | - o

» A cqmment on the‘foregoing work regarding the vqlafile
matter reméining in the digested sludge 1s necessary.'_Wheh

the raw sludge volatlle sollds content was approximately 79

‘percent, the volatile solids content of the digested sludge

was approximatély 60 percent giving a reduction of only 24

'percent. According to a graph of percent volatlle solids in

raw sludge versus percent reduction of original_volatile
matter when sludge ié éonsidered to be digested, published by
Séhiénz (153b); a reduction of 83 percent would be expected.,
Howevér; at the’ﬁowery.Bay Plant digested'sludge 1s barged to
sea for ultimate“disposal. A‘plant which dries digested

sludge on sand beds may find 1t’necesséry-to-reduceﬁﬁhe vola-
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tile matter to a greater degree than that obtained by Torpey.
Rankin (130b) discussed the foregoing article and sug-
gested that a disadvantage of continuous feeding 1s the need
for the continuous disposal of sewage sludge. To overcome
this problem, sludge prethickenlng and.a sludge holding tank
could.be‘used. A distinct advantage of thefprethickening
step 1s ‘the elimination of the digester supernatant return to
the plant, a. practice that frequently has detrimental effects
on treatment results. However, Kraus (95) in 1945 used di-
gested sludge and'supernatant liquor to successfully control
the-bulking of sludge in the activated sludge-process at
- Peoria, illinois.' As a continuation and exteneion of his
etudiee of feeding thickened sludge at high loading~fates to
olant scale digesters, Torpey (169) in 1953 put into operation
a'six cublic foot‘capacity pilot hign rate digester. Thickened
sludge at approximately 5.3 percent total solids and 75 percent
volatile solids was fed to the pllot digester at lncreasing |
loading ratesluntil the digeétion pfocesslfailed Fallure
occurred at detention times less than 3.2 days and at loading ‘
rates greater than 0. 87 1b volatile solids added per cu £t per
day. ‘At this critical condition, the gas production was 6, 8
cu ft per day per 1lb of volatile sollds added, the volatile
acid concentration was 1700 mg/1 and the volatile solids con-
tent of the digested sludge was 63.1 percent. As: the loading
" rate lncreased the volatile eolids content of the digested
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sludge_and the volatile acids concentration of the digester
liquor 1ncreased.slowly,.unt11 a detentlon time of fi&e days
was reached, Below that detentien time, there was a rapild
~ increase in the volatile solids and volatile acids content of
the sludge. -The plent.digester'was fed similar s;udge st a
‘rate of 0.18 1b volatile sollids added per cu ft per day with
a detentien-time of 13.3 days. The digested sludge had a
volatile'solids centent-of 62.7'percent and the gas production
was 8.5 cu ft per day ser 1b of volatile solids added. A%
equivalent 10eding rates, the data appeared to show that the
pllot piant was slightly‘more,efficient in gas-productiqn
and volatlle solids reduction. | |

Based upon a comparison of the efficiency and rate'of
digestion of the pilot. plant and the plant digester Torpey
concluded that the plant loading rate could be tripled 1f the
total volume of the plant digester could be effectively ubil-
lized., He recommended digestion capaclty of 0.4 cu ft per
caplta in the design of digesters as opposed to 2.0 %o 6.0‘
“cu £t per capita as'was common practice.at that time (86)

Schlenz (153b) discussed Torpey's work and was critical
of the possible 1nterpretation of the results. He showed the
plant digester to be only 90 percent as efficient as the pllot %
dilgester afterstaking,into account the varlabllity of the feed
to the:plant digester and the uniform feed to the pilot die

gester, the comparison'of data for the same time pefiods and the

S A SIS AN
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reduction in volatile solids. Schlenz showed an unfavorable
comparison between volatile solids reductions obtained by
Torpey‘and expected reductions as based on the enperiences at
manydsewage_treatment plants, - He disagreed with the low
values for detentlon time recommended by Torpey for design
purposes and presented data which_showedba possible raw sludge
production for a five day'period up to 240 percent of the
average raw sludge production. | 4 |
“ Heukelekian (72b) also discussed Torpey s work and -
stated that the success obtained in operating the pilot di-
gester.at such a high loading.rate could be attributed to
sludge thickening, effective utilization of tank_uolumevand'
uniform feeding of raw sludge. The reason for failure may
have been related to the generation time of the.organisnS-in
the digesting sludge. . ‘

In 1955 (152) Sawyer and Schmidt studied the digestion
of sewage sludge at total solids concentrations ranging from
l.35lto\5.20 percent. They‘found‘that the most important‘con;
sideration in operating nign rate digestion units was detention-
time.‘ The volatile solids destruction, gas production, pH and
alkalinity declined with decreasing detention times.‘ Satls-
factory operation was‘achieved,with detention times as short
as 11 days and loading rates of 0.48 1b volatile solids added
per cu £t per day,. Tne reduction in volatile matter at this

loading rate was,approkimately 54 percent and the gas produc-
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tion was 9.0 cu £t per day per 1b of volatile sollds added.

An attempt to digest sludge on a batch basls at solids
concentrations of 10, 20, 30 and 50 pgrcent was made'by Schulze 
(157) 4in 1958. Theldigestion process was retarded with 10 per-
cent solids aﬁd étuCK digestion occurred afte: two days with
the higher sludge concentrations. The cause of retardatioh
and stuck digestion was.thought to be the extremely high‘val-x
ues of volatlle aclds concentrations obtained in the experl-
mehﬁ'i.e; 25,000 mg/1 .with the 30 percent sollds' and 55,000
mg/1 with 50 peréenb,solids."fhe pH values remalned above
_6.0 except 1h the case of the digester conta;ning the 50 pér-.
cent solids. This experimént shows that the acid forming.
orgaﬁisms can fﬁnction in the presence of high concentrations
‘ bf.VOlatile acids. Successful digestidn was éventually ob-
‘téined with a sludge solids concentration of 37 pgrcent. A.'
~normal ‘rate of gés pfoduction was obtained, as measured'by a.-
control diéester of actlvely digesting sludge. Schuize con-
. cluded from the studles that feed rate is the most important
| parametér'iﬁ maintainihg good digéstion. In 1963, Bﬁzzell
~and Séwyer (26) while attempting to determine the cause of di-
’gester'failufe;‘digested sewage sludge'at 4,'6, 8 and 10 per-
cent total solids ih the feed sludge. The digésters wefe
opératedfsuccessfully wlth a feed sludge having a volatille
solids content of 62 to 86 percent and with a detention time
'4§f 10 days. The decision of the author to study the effect of
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solids‘coneentratien on the.digestion process was based on

the results of the foregoing works. It was felt that a more

thorough study eOVering a wider'range\of solids concentrations

was needed.

Sawyer and Grumbling (150) reported an‘asseciation be~

tween digester upset and mixing difficulties, Buzzell'and

Sawyer (26) noticed in experiments where the solids concentra-

tions fed to digesters ranged from 4 to 10 percent that gas
bubbles tended to become trapped in the ﬁnitS'receiving 6, 8

‘and 10 percent solids feed. Mixing under this condition was

inefficient;' These observations suggested to Buzzell and
Sawyer the necesslty of a study to determine the relationship

' between the sludge viscosity and the solids in digesting4
siﬁdge. Previously, Hﬁtfield (70) had shown that the apparent

viscosity of sewage sludge increased exponentially as the
tofal solids content increased, Behn_(16-17) discussed the
results of several studies‘and concluded thet digested siudge
is probebly a Bingham; plastic with theipossibilityvef pseudo;
piaSt102 and thixotropic3 behavior., Buzzell and Sawyer (26)

: lBingham:plastics’p‘ossess a rigldity enabling them to
withstand a certaln amount of stress, termed the yleld value.
When the shearing force exceeds this, the lnternal structure
seems Yo collapse and the shear stress lncreases proporion=- -

‘ately with the shear rate,

_ 2Pseudoplastic liqulds behave as though their particles
become more aligned at hlgher shearlng rates thereby offering
relatively less reslstance to flow.

3Thixotropic liquids tend: to become less viscous as the
period of shear at a given rate contlinues.
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!obtained-reSults which indicated‘that digesting sewage sludge
1s a pseudoplastic material with only slight ﬁhixotropid be- -
havior, Thé viscoslty of digesting sewage sludge is depend-
ent upon the total and volatlle solids concentrationslof the
- sludge. They concluded that the viscous nature of digésting
. sludge may be a_limiting factor in the design'and operation
cof higﬁ'rate dlgesters because of inefficient mixing and in-
" flation of the sludge mass by entrapped(gas bubblés., |

| Study 6f éffect of activated carbon on the fate of |
,siudge digestion has produced}conflicting fesults (91, 145,
173). Rudolfs and Trubnick (145) and Keefer and Kratz .(91)
‘fgobsérved an increaséd rate of diéestioh'and gas produdtioh»
‘with additions of activated carbon in concentrations up to
20 gg/i. Rudolfs and Trubnick notlced that 7;5:gm/l of car-

' bon reduced digestion time from 127 d‘ays. to 69 days and‘15
gm/l"reduced_the digestion time to 42 days. ‘They did con-
clude that carbon was n§t sq.effectivé in a digester operat-f
ing.cor:ectly as when unbalanced conditions prévail.' When

' actiVated,carbon_wés'added to the digesting sludge, the drain-
ability of the sludge was improved, the pH value was maintain-
ed at a higherklevel,‘VOlatile matter feduqtion was greater
and the carbon dioxlde cqntentaof the.gas was‘léwer. Walker
(173) found that add‘iticl)ns” of 5 to 15 mg/l of carbon did not -
affect the digeétibn’process‘at‘28° c and 45°C, concéhtba-'

tions of carbon above this amount decreased the gas produc-
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tion. 'Digestion at 20° C was improved ty the addition.of 5.‘
to 15 mg/l of activated carbon. At all temperatures carbon
-Increased the drainability of the sludge, the optimum dose
being 30 mg/i, and increased the methane ‘content of the gas
produced. Keefer and Kratz (91) obtained optimum beneflts
with regard to total gas production, rate of gas production
and the quality of the gas-produced with activated carbon

. additlons of approximately 45 mg/l. The temperature of diges-
tion was 28° C.. The authors quoted Rogers (134) as having
been able to_incréaSe the rate of sludge diéestion in a full

size plant with activated carbon.l

- However, at a later date, Keefer and Kratz (89) studied
the comparative effects of 1ime and activated carbon on sludge
digestion and found no benefits uSing activated carbon at con-
" centrations of 116 mg/l. Flower et al. (49) discussed operat-
| ing experlences at variousfplants using actiVated carbon in '
the siudge digestion~process. Reports of odor reduction, scum
'nuisance elimination, improved drainability of sludge, accel-
erated and increased gas production were mentioned. They
found from experiments that 200 mg/1 activated carbon in-

- creased gas production but higher dosages did not help. ' The
carbon had little effect on the pH of the digesting sludge.
Morgan (116) in 1954 studied the effect of gas mixing and the
addition of coke on the sludge digestion process. The results
showed that coke additions up to 1.05 1b per 100 gal of raw

Jl .
A
/
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sludge (a concentration of approximately 1260 mg/1) had 1little

effect upon the digestion process.

Rudolfs (137) in 1932 attempted to improve the digestion
process with 5egaid to time for digestion,'gas production and'
drainability of the digested'sludge by adding protein and fat
3 hydrolizing enzymes to digesting sludge under optimum condi-
tlons for the actlon of_the enzymes., No beneficial'effects
were obtained, In 1953, McKinney (111) discussed the bio-
chemistry of waste treatment processes and concluded that a
biologicalvtreatment system which is designed correctiy and
operated according to the design principles will not benefit
from the addition of organic catalysts. This concluSIon nas
been supported by McKinney and Poliakoff (112) Heukelekian and
Berger (76) and Grune and Sload (68). Heukelekian and Berger

(76) also attempted to increase the rate of sludge digestion
by»culture additions. They found that the addition of bac-
- terial cultures and yeast to non-sterile, fresh solids had no
'significant effect and such addition to sterile, fresh sollds
“lnitlated the 1iquefaction portion of the digestion process,

D, Digester Control
An important factor in digestion control is the buffering
capaclity, or resistance to change in pH, of'the digesting

sludge. The alkalinity of a digesting sludge is directly pro-

portional to its buffering capacity. Simpson (160) states'.
that "the buffering capaclty of raw sludge 1s due, almost en-
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tirely, to the alkalinity of the carriage water, and if

this alkalinity is low 1t will be destroyed by the organic
aclds produced in the first stage of digestion resulting in
a fall ;n pPH and inhibitlon of the methane producing bacteria." .
However, 1n normal digestilon several reactioné occur which '
prpduce ammonla which can comblne with carbon dloxide and
water to produce the buffer amﬁonium bicarbonate. The ammoni-
um bicarbonate also contributes to the.alkalinity of the'di-
gésting 51udge. Desirable values of élkalinity,in digest;ng

~sludge range from 2000 to 4000 mg/1 (7, 34, 35, 58, 177).

Higher;alkalinities have been reported‘by Haseltine (69) and
Garber (53) with thermophilic digestion, presumably due to a
greater degradation of4proﬁe;naceous’matérial; Albertson (2)
studled the effect of ammoqia;hitpogen on’diéester operation

and observed that concentrations above 125Q.mg/1 at'a PH close

- to 7.0 were'assqciated Wiﬁh-digestervfailure; He stated that

an increaéé-ip alkalinlty in a digestér tends to increase the .

permiss;ble bpérating level of(the‘volatile'agids. An empiri-

cal equation rélating pH, ammonia-nitrogen, carbon diqx;de

and volatile acids was presented. The toxicity of ammonia to

the drganisms in the sludge digestion prpgéss appears_to”be

due- to the free,ammonium ion (107),‘ At any:givennémmonia-
nitrogen»éoncentration, the exlstence of free‘ammonia»will
depend upon the pH of the system. As'the pH 1s dedreased, a

greater ammonla-nitrogen concentration'qan‘be_tblerated

J wifhoﬁt free ammonia'occurring. Prethickening of s1udge tends
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to lncrease the ammonié-nitrogen_coqcentratidn but Albertson
(é) does not believe that this will have a'significaht eéffect
on the digesﬁion process. 1f the sollds concentration of the
sludge 1s less thén 12 percent. He does suggest thaf, if

problems do arise due to excessive ammonla-nitrogen concentra-

tions; they can be solved by neutrallzing wilth hydrochloric
. ) . ’ |
acld or by reduclng the pH of the dlgesting sludge wlth car- - ]
; : \
|

bon dioxide.

The practice of liming to start up digestefs and control
their pérfqrmance has receiVed much discussilon (45, 55, 119;
" 133, 149, 155, 156)., The outcomé of a sewage treatment”piant
operétors' forum in 1949 (45) was to recommend the use ofﬂl
lime. Gilles (55),'Rockeréharlie (133)'and others have fouhd
the addition of 1lime to digesterswto Benefit the proqess‘and |
to assist in scum control., Cassell and Sawyer (31) found the
use of limelto.ﬁe beneficlal in the starting of_hiéh rate di-
gesters., A loading rate of 0.162 volatileISOIidS‘addéd per
cu £t per day and a detentidn:time of 20 days could be tolera-
"ted‘in the start up_of'high'rate digesteré i1f the pH were
maintained at 6.8 to 7.2 by liming. Without liming, dlgestion
dild not deVelop in a high rate dlgester operated at a 30 day
detention time and volatile solids loading of 0.045 ;b-added'
‘per cu £t per day; Schlenz (155, 156) did not advocate the
liming of digesters. Simpson (160) believed that in many in-
stances the disappolnting results ébtained 1nxthe past with'
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liming}digeéﬁers may havé been caused by liming in an un-
sclentific fashion. He stated that some of the problems which
can be assoclated with irreSponsible liming are: lincomplete
mixing of tﬁe,lime such that 1t gravitates to the bottom of
thé digester and solidifies; the creation of areas of inténée
alkalinity; over;adjustment of the pH;»absorption of carbon
dioxide by the lime, which may cause a partial vacuum in a
fixed cover digester; the preéipitaﬁion of.calcium carbonate
scale on. the equipmenﬁ inside the digester; and the femoval of
‘carbon dloxide which 1s necessary to the metabolic activity
of somé organisﬁs. Sawyer et al, and Neuépiel and Morgan
(149, 119) used the volatilé aclds concentration present in a
digester as a basis for liming. The conclusiqn reéched was
that tﬁe additibn‘of lime in a quantityfequivalent to 200 per-'
cent of the'volatile acids present Wés the optimum amount for
the relief of stuck7digesters. 'Values_of pH up %o 10.0 can:
be tolerated. The addiﬁion of 1lime on a controlled_bésis of
14 1b lime per 1000 cu £t of digester capacity'stafted ﬁhe
"‘digestion process more rapidly than without lime;' Lime waé
not essentlal to start the digesters. McCarty (102) has dis-
'cuéséd the'use or'lime for controlling the pH in digesters and
cbhclﬁded‘that no beneficial effects result from the addition
of liméAto'raise the pH above 6.7 fo 6.8, After this point,l:
thé limé'combines with the carbon dloxide in the digester to
'form.insdlﬁble calclum carbonate which 1s 1neffect1ve in |

_neutralizing excéssive voiatile aclds or for ralsing the pH.
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Sodium bicarbonate 1s recommended as one of the most‘effec-

tive materials for pH control because of the greater ease of

addition, control and handling.

Foaming 1s a problem experienced in many anaerobic diges-
tion Systems. ‘Schlenz (154) defines foaming in digesters as
the situationiin which frotn, gas and scum rise 1in the gas'
vents o overflowing. Some of the pOSsible causes of foaming
'as given by Schlenz are: excessive loadings of raw solilds
wilth respect to the digesting solids in a dlgester, causing a
rapid production of acids which, when they react with carbon-
~ates and bicarconates, produce a large amount of carbon diox-

lde; changes in pH; the viscosity of the scum or liquid in

. the digestef; and a restricted gas vent area. - Another

- possible cause of foaming in an unheated digester may be,the
onset of warmer'weather after a"cold perilod tnus stimulating
the gas-pfoducing organisms. The femedies suggested by
Schlenz. (154) include the balancing of the quantities of raw
and digesting sludge solids in the digester, the addition of |
- 1ime, chlorination with 3 to 4 mg/1 chlorine, and reducing
the - loading to the digester.

‘Osidationéreduction potential haS'been used as a‘method'
of process control in sewage treatment., Little attention nas
“been pald to its use in anaerobic digestion‘(65); The bio-
}chemical decomposition of organic compounds involves several
oxidation-reduction reactions;l According to Hewltt (80), the

.
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oxidation-reduction systems in cells are.SO essential that
life may be defined as afcontinuous oxldation-reduction Sys=
tem. Electrons are transferred between compounds in oxidative
eand reductive reactlons resulting in potential changes. The

basic equation (38) relating the oxidative state of a thermo-
dynamically reversible system %o the'resulting potentlal is:

. RT (oxID)
E +...._ 1
oT wF P

~(rED)

‘Eh 1s the potential of the'system referred to the normal hydro-

By

1

gen eleotrOde and Eg 1s a speclfic constant for the‘system,
both belng measured ln volts. R 1s the universal gas constant,
T 1s the absolute'temperature, n 1s the number of electrons
transferred inlthe reaction and F 1s the Faraday Constant.

The molar concentrations of oxidant and reductant are (0XID)
and (RED) reSpectively. During the metabolic processes of
microorganisms, a definite oxidation—reduction potentlal 1s
maintalned in a particular organism-substrate system. The
faotors_which influence the potential and the rate of change of
‘the potentlal are: the pH; the tendenoy of the system to_take
up orygive off electronsigthe_temperature,of.the'solution;‘and‘
theiratio,of the concentration of the oxidant to that of the
1 reduotant (65) "Many who have discuSsed the measurement of |
oxidation-reduction potentials emphasize that the measurement
is difficult and a profound understanding of the underlying

principles is necessary for meaningful interpretation of the
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results. Grune et al. (65) detefmined the;range of potentiéls
for raw sludge to be 85 to =20 mv with a rapid rate of

change under proper seedling and temperature conditions. For
wéll digested sludge the potentlal was found to be'-250 mv
With a slow rate dfiChange, and for actively digesting sludge
the potential range was -lQO mv ﬁo -25O mv, Diraslan et al.

- (38) found that thimum digestion appeared to be a funétion
-of a healthy methane pfoducing'flora which seemed'tovthrive
best at potential levels between‘-520 énd ~530 mv. The orgah-
isms continued to funbtion, however, over a range frémv—490

to =550 mv,

Agardy et al. (1) éxperiménted with the use of enzyme
acﬁivity as a parameter of dlgester performahce, They employ-~
ed a synthetlic substrate seeded with scfeened, digested sludge.
The-resulﬁs showed a rapild 1ncfease In proteolytic enzyme ac~
fivity during the onset of digestion fallure, and a rapld
deérease_in proteéiytic'activity when complete fermentation

fallure occurred.
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III. GENERAL

The purpose of this dissertation 1is to determine the
effect Qf solids concentration in the digester on the anaero-
bic'digestion of domestic séwage sludge., Thls aspect of

sludge digesfion was studled as a thesis tbpic because of the
Increasing number of sewage treatment planﬁs‘which practice
sludge thickening before the raw sludge is added to slﬁdge
digesters., As a result of the lncreased use of sludge |
-thickening prior to digestion, the sollds concentrations ln
‘many treatment plant digesters have lncreased to levels not
usually obtained;previously. The increased sollds coﬁcentré-
. tlons 1n the fegd sludge ahdiiﬁ the digesting sludge have
allowed-the use of higber loading rates td,digesters. Keeféf
| (88), Tdrpey (168, 169), Sawyer and Schmidt (152) and.Schulze"
(15?) studied the effect of sludge sollds concentration on

the énaérobic dlgestion proceés. However, the sludge sollds
concentrations used 1n their-studies dida not cover the range’
of concentrations expectednin practice using sludgé thickened

- prior to digestion. Sawyer and Schmidt (152) studled the
digestion of sludge at solids concentrétionsdof 1.35 to 5.2
percent, Torﬁey (168) obtained solids concéntrations in di-

- gesting sludge as"higﬁ as 6,8 pefcent and Keefer (88) dlgested
sludge at a sollds concentration of 15 percent. Thé"solids"

. édncentratiép of.sludge thicKened prior tO‘digestion is usual-

ly between 4 and 12‘percent. The'ﬁpperblim1t7is set by the
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eduipment,available for conveylng the sludge from the thicken-
ing unlt to the digestion unit., |

In this study six temperature controlled, compietely
,mixed, experimental digesters were used to study the effect of
sollds concentration on digestion., The digesters‘were num-
bered 1, 2, 3, 4, 5 and 6 and the solids concentration of the
sludge in each digester was'maintained approximately constant.
An attempt was made to keep the solidssconcentrations close
to 2, 4,'6,.8 10 and 12 percent in digesters 1 through 6,

' respectively. Raw sewage sludge was fed to the digesters once
daily just after withdrawlng an equivalent amount of digesting
sludge. The solids concentration of the raw feed sludge was
controlled sc that the desired sclids concentrations in the
digesting sludges could be maintained The sludge withdrawn
from the dilgesters was analyzed to determine the character-
1stics of the dlgestlion process. Analyses were.made on the
digesting sludge to determine the total and volatile solids

concentrations, the volatile acids concentraticn and the indi-

vidual volatile acids present, the dewatering characteristics

of the sludge and the other parameters normally used_to follow

the course of sludge digestion, The gas produced in the di-

‘gesters was also analyzed.

Three test runs were made. The first run was made using
Pyrex bottles for digesters. In this run the~digesters were

not started at the ultimate desired total solids concentra-:
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~ tions. Actilvely diéesting sludge ffom the Ames; Towa, éewage
treatment plant was used to start al1 of the digesters at the
sémo sollds conCentratlon; The total sollds concentrations in
the digesters\were changed over é period of tlme to- the de-
sired values by adjusting the solids concentrations';n‘the
feed sludge; After 43-déys and befofe the deslred concentra-

tions were reached, the digester bottles failed.

The second test run was made using aluminum digeSters. ’
They were started at 2, 4; 6, 8, 10 and 12 percent solids
concentrations as diéoussed in the'prooedure. However, al-
though the run lasted for 51 days, the digestlon reached a
‘stable condition for short periods of time only in digesters
1, 2 and 3. In digesters 4, 5 and 6, stable conditions did
not éxistlét any time."The~author belleves that thié was due
to an attempt to start the.digesters at too high a loading |

rate,

The thirdrtest run was stérted and proceeded satisfac-
Htorily throughout the run,.which'lasted 72 days., For this

. reason, most of the data and discussion refer to the results
of this run. If other data are referred to, they will be
specifically‘méntioned. Initlal loading rates.to_the diges~
ters weré low. When the éas production appéared to reach'é'
uniform value, the loading rote was increased. At each load- -
1hé rate, the various analyses'Were made to detefmine the di-

gestion characteristics under those conditions.. This proce-
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dure wasvrepeated until digestion failed.

The results expected from the study were~
1. Detention time willl be the dominant parameter affect~
'.'ing the dlgestion process, The rate and degree of
decomposition of the sludge solids 1ln the process,ere
determined by the organisms involved and the detention
_time of the sludge particles in the digester., If the _
detention time is so short that the methane producing
organisms catnot become firmly established. in the di-
gesting'sludge,vdigestion'failure will occur, The
" minimum time a sludge particle must remain in a di-
gester for good digestion is correlated to the genera-
tion time of,tne methane produclng organisms.
| 2. As the sollds concentration.of the digesting siudge
| increases, the maximum organic loading rate which
" can be achleved without digestion failure will in-
crease. Assuming a constant detention time, the
organic 1oading rate will increase as the solids con-
centration 1s lncreased. If detention time 1s the |
most'iﬁportant parameteriaffecting the digestion pro—
- cess, then the expected}result regarding the maximum
“1oading rate will be correct
3. A factor which will limit the continuous increase of
loading rate without digestion failure by increasing
the solilds concentration is the viscosity of the

e ke K b et S TR Ve A
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~sludge. As.the solids‘concentration increases, the

viscoslty of the sludge Increases, The lncreased

viscosity will adversely affect the mixing efficiency

"~ and eventually dlgestlon fallure will occur.

As the-detention time decreases, the degree of decom?

- position of the sludge solids wlll decrease because of

the shorter time the organisms will have to metabolize

the organic portion of the solids. This should result

~ in lower gas production per weight of sludge handled.

The volatile acids_concentretion in the digesting
sludge will increase as the solids concentration in-

creases, since there will be less liquid available to

. v‘dilhte the volatille acids‘produced'by the acid’pro%

9.

'ducing organisms.

Propionic acld will appear in digesting sludge when

'digestion begins to fall.
: The specific resistance of the digesting sludge will

decrease as digestion continues. Dlgested sludge

should be easler to dewater than raw sludge.

The pH of.digesting sludge will drop es_the deﬁention

time decreases due to the accumulation of volatile

"~ acids., The acid producing organisms are’apparently

less affected by detention time than are the gas
producers.
The alkalinity of digesting sludge wlll decrease as

the detention time decreases, but will increase as

the solids concentration increases.
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'IV. EXPERIMENTAL INVESTIGATION

A, Apparatus |
The fundamental digestion epparatus consisted of six
' cylindrical digesters containing sewage'sludge pleced inside
a temperature controlled cabinet A diagram of a typlcal di-
gester 1s shoWn'in Figure 3. The digesters were constructed
. from 12-inch I. D., 3/8-inch wall thickness, Schedule 4o, 6063-
T6 aluminum pipe. A% the end of the study, no visible signs
of corrosion of the aluminum were evident. A 1/2-inch thick,
clrcular aluminum plate was welded to one end of'the cylinder.
A flenge_ring was welded in the other end, and a l/é-inch |
thick cover plate was bolted to the flenge'ring. An non ring
was used for a seal between the flange ring and the cover
plate. Sludge was added to and withdrawn from-the digesters
‘through a 3/4-inch diameter aluminum_tubevwhich extended into
the digester. A short length of rubber hose which could be
sealed with a clamp wWas attached to the portion of the alumi-
num tube protruding from the digester. Two other means of |
access to the dlgester contents were made with l/H-inch copper
tubing connecteduto holes in the,covervplate of the digester,
.\ quarter«turn gas.tight valve was placed in one of the pileces
of ﬁubing.tc seal off the contents of the‘digesterpat_ell |
times,'except when.reading or relieving gas pressures. The
other piece of tublng was sealed with a self-sealing rubber

serum stopper. ‘This tube was used for obtaining gas samples
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for analysis. Mixing of the contents of the digester was
achleved by rotating the six digesters about a.horizontal axlis
on rubber covered rollers. Flgure I shows the'position of a
'digester on the rollers within the constant temperature cabi-
n’et., Inside the digester, four strips of aluminum, 1- 1/2
inches wide and 1/4 inch thick, were welded to the interior
_surface parallel to the longitudinal axls, The strips, Which
remained stationary with respect to the digesters, effectively_
mixed the sewage sludge. A one-horsepower, 1700 rpm electric
motor, connected through a gear reduction box and a*chain,y

" was used to drive one of the rollers., The rollers were made
of zeinch dlameter steel tubing covered'with.reinfOrced rubber;
hose., Self-aligning, ball-bearing, pillow blocks were.used
to support the axles of the rollers at each end. The drive
roller was connected to all'but two of~the:remaining rollers
by a drive chain. . The six digesters were placed between al-
ternate'pairs of rollers and as the rollers revolved, the
overall effect was to rotate the digesters at a rate of nine

revolutions per minute.

The temperature}controlled cabinet enclosed both the .
mixing apparatus and the digesters, Flgure 4, Two sets of
- doors, one set glass and the other wood, were built into the
cablnet during construction. The inner set of doors, il.e. ‘
the glass set, were used to view the operation of the mixing.

apparatus and dlgesters withont disturbing the.temperature'



- Figure 3. " Schematic diagram of a typical |

aluminum digester
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inside the cablnet. The temperature in the cablnet was main-
tained at 35° ¢ *1° ¢ using a heater and a thermostat. A fan
circulated the heated air throughout the cabinet to maintain

uniform temperature conditions.

Several difficulties with the operation of the apparatus
oceurred,. Initially, five-gallon capaclty pyrex bbttlés were

used as digésters. Pyrex bottles had been used satisfactorlly

in a previous study (40), but during an early run in this work:

~several bottle fallures occurred. The loss in data and time
resulting‘from such a fallure emphasized the need for a more

durable materlal with which to construct digesters. To pro-

vide the strength required glass would be too expensive, steel

was too heavy, plexiglass was not econbmically feaslible and

aluminum was subject to corrosion. A rigld digester was nec-

essary because gas volumes were calculated using the volume of |

the digester as a}basis. This excluded easily-deformable

matefials,‘ A further investigation into the possibility Qf |
| using.aluminﬁm'was made and thevcbnclusioﬁ was drawn that the
corrosion of the aluminum due to the action of sewage slﬁdgé

would be small. This was realized in actual operation.

Gas 1eakége through the aluminum welds in the digesters
presentéd problemé in the early portion of this study,‘ The
welé% were cut -omt and the digesters feweldgd'but the problem
stili existed although 1% was noﬁ qulte so severe in}natufe.(

A solution éould not be found to this problem even though



84

gasket erming,compounds were uséd and thevinsides of the
digésters were coated'with'fiberglaés. The leakages were
eventually Stopped by placing sewage sludge inside'the di?
gesters and allowlng the gas preésure to bﬁild ﬁp; Solids
were forced 1nﬁo ﬁhe porous welds and an effectlve gas seal
was obtained. | |

During rotatlion on the mixing devlice, the.digeSters l
tended to move elther forwards or backwards on the rollers.'
.This problem was solved by placing guard ralls 1n.front‘of
' énd behind'the dlgesters. To‘the'guard raiis;were attached
rubﬁing brushes to prevent the rotating digesters from rubblng

agalnst the ralls.,

B. < Experimental Procedure

Before the sﬁart of é test fun, the volumes of the di;

gesters were determined and recorded. The digesters were
| - welghed empty and then fllled with water and reweighed} The
:temperéﬁure of‘the.wéter was no ted and the volume bdcupied‘by'
'-the‘water was calcuiated. The digesters were emptied. Activee.
_iy digesting slgdgelfrom the}priméryndigester‘at Ames_éeWége
-treétmént plant was thickened and added in combinatlon wlth
non-thickened.actively digesting sludge to each expérimental
q1gesﬁer. This sludge ﬁas chosen fo.provide‘é strbng'popula-
tion of methane producing bacteria in the pilot digesters.
A total welght of 8000 gramé. 50 grams of sludge was added
to each digester,-'The proportion of ordinary sludge to‘thick;
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ened sludge was‘govefned by the total solids content desired
in a particuiar dlgester, Where'the solids concentraﬁion |
. desired ﬁas less than that of the non-fhickened sludge;-dis-
tilled water.was added uhtil the desire@ concentration was
pbtained, An attempt was made to malntain the total solids
.goncentratioh'at 2, 4, 6, 8, 10 and 12 percent.in digesters
1, 2; 3, 4, 5 and 6 respedtively; it was found more convéni-
ent to malntain the cqncentrations at values slightly differ-~
ent than those 1isted. The actual concentratlons obtained can
be seen in Figure 22, The remaining air in the digesters was
flushed out W1thvhelium gas. Oxygen 1s harmfui to many an-
" aerobes and is undesirable in an aﬁaerobic digester, All the
inlets o the digesters were sealed, The digeéterswwére |
'placed on the mlxing apparatus 1n.the temperature-controlléd H
cabinet and ﬁhe'mixing apparatus Was Set in moﬁion. The
digesters remalned in the cabilnet for four days. during which
time_inﬁerrﬁptions in the mixing process were made once a day
to‘rélieve the gés pressure inside the digesters. No sludge
was added or removed during thls period_to énable the 6rgan-
1sms in the éludge'to become acélimatized.to the new environ-
ment. After tﬁe fourﬁh day, a raw sludge feeding program was
initiated. A typica1 feed1ng-program 1s indicated in
Figureil?. | | - ‘ _
Ray sludge for feéding the digésteré‘wés qollected_from '

the sludge weli adjacent to the primary sedimentation tank at
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the Nevada, Iowa sewage treatment plant. The sludge‘was mixed
'thoroughly in a 55-gallon drum and a portion of 1t was stored
immediately whlle another}poftion wae thickened before storage.
The sludge‘waa‘stored in quart size 1ice cream contalners in
a deep freeze at -20°C until required (Figure 5); Pfior to
feeding the digesters, the raw sludge:waa removed from the
. deep freeze and alloWed to tnaw in a covered bucket'placed in
hot water, 'The sludge was tnen heated to approxlmately 35°C
prior to feeding to a digester. ) | |
Thickened sludge was prepared by filling four, one gallon
palls with ordinary sludge. ‘The pails previously had small
| holes drilled througn thelr sldes. 'Masking tape was stuck over
the holes to prevent the sludge from running out'when_they
were filled. The filled palls were placed in‘a deep ffeeze'
‘until tne sludge was frozen, The masking tape was removed
from the holesvin the palls and the sludge was thawed. _As'the
sludge thawed a large proportion of the water Separated from
the solids and drained from the paills leaving the thickened
slﬁdge. Using this method sludge could be thickened to a con~-
centration greater than 20 percent total solids.' The thick-
ened sludge was placed in quart size ice cream containers and .
placed 1n a deep freezeluntil required.
‘Rach day, the digesters were removed from the cabinet
one at a time for feeding and withdrawal of sludge. The dl-

-gester was welighed to the,nearest 50 grams on a single pan
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balance %o détermine the welight of aludge in the digester,
The error caused byvthis approx;matibn was less than one'per-
cent, The digester was'placed on a hand mixing roller (Figure
6) and"rotated until the end of the 3/4-inch aluminum feed
tube inside the digester was below the surface of the sludge.
Sludge was wilthdrawn from the digester feed tube utilizing the
‘gas pfcssure 1nsidé the dligester to force it out of the diges-
tar and.into a oae liter "Nalgene" graduated cylinder., As the
clamp on the rubber hose attached to the feed tube was slowly
opened, sludge was forced out of the digester. 1In previods
work (40) difficulties had been experilenced wlth obtalning
répreéenﬁative samples of the contents bf the digeSters; To
eliminate this difficulty,Aa palr of rollers were conStfuéted
so that a digester could be rolla‘d at a relatively high speed
by hand immediately_before-withdrawing sludge (Figure:6);
After an amount of sludge in eﬁéess:of that reduired_had'been
withdrawn;‘the remaining gas pressufe was released to the
atmosphere, In cases where high gas pressures wefe obtailned,
iﬁ-was_found to be safer to release some of the gas before
wilthdrawing sludge; Thé excess éludge withdrawn'was used .as
seed and was returned to the digeater.aIOng.witﬁ the raw sludge
belng fed that day. The amount of sludge withdrawn from a di-
gester'wasvdetermined by the weight of sludge in the digester
and the amount. of slﬁdge %o be fed to the digesteir‘ that"day.
The weight of sludge in each digester was. kept approximately

constant at 8000 gme. Usually it was necessary to withdraw and
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énd'waste less sludge than was to be édded on a particular déy
because of the amount of sludge lost due to digestion.

The daily'production of gas was heasured by observing
the gas pressure build up in the digester from one dally
feeding to the next. The.gas outlet tube of a dlgester was
: cohhectedfto a seven-foot Merlam mercury manometer and the
pressure was measured in cenﬁimeters of mercury. Thls reading
was converted to ft3 ofﬂgasvproduéed at standard temperatufe
and préssure, A correctlon was made to allow for the solu-
. bil;ty of carbon dioxlde 1n the'sludge, The énalyses made én'
- the gas'and the digeSted sludge are discusséd in the sectlon
on analyses, | |

| Sludge.wés fed to the digester using the sludge gun

shown in Figure 7. The gun Waé made of a l4-inch length of
2;3/4?1nch diameter brass tubing to the end of which had been
"Brazed‘a nozzle. & plston made watértight with two "0" rings
was used to force sludgevfrom the gun. The'amountvof éludge
'to'bé fed to a digesﬁer was poured‘into the gun and'the piston .
replaced. While holding the gun in a vertical position with
the'nozzle upmost, the plston was depressed untii all the air
had been ekpeiled. The noZzle-Was then cqnnected.td thevfeed_
tube of a digester and the sludge was Aforced into that
digester. | |

The feed sludge for a particular d1gesﬁerwas>made up

from non-thickenéd sludge and thickened sludge or'distilled.
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water, dependlng upon the total sollds concentration of the
feed sludge requlred to maintaln the desired total sollds con-
centration ilnside the dlgesters. A 1900 gm capacity spring

"~ balance was used to welgh out the quantities of the materials
_ needed'to make up the feed sludge. The»sludge was heated t&
35° C and thoroughly mixed with eiceés.digesting sludge previ-

ously_draWn'from the digester.

The operaﬁing procedure for feeding the digesters and
making the analyses to determine the course.df-digestion may
be summariéed in the typical daily schedule showﬁ'belqw:'

1. Cartons of thickened and non~-thickened sludge were

B taken from the deé§ freeze and piaced in buckets iﬁ

a-hot water bath. The-épproximate amount of each
type of sludge.required'had previously been deter-
mined according to the feeding rate schedule for
the digesters. o | |

2. The émouhts‘éf sludge required by each digester

were made up.in the spécified.concentrations and
heated to 35° C, | |

3. :The températﬁre in the cabinet was checked.

4, The driving'motor'for the,cabinét mixing apparatus.

| was stdpped.' - | | |

'5; -Each'digester was connected to the manometer in turn
| and the gaé_pressure measured. | 5

6. If:deSired,'a sample of gas was taken for analysis,




92
7. A digester was removed from the cabinet, weighed,
then placed on the two hand-operated'rollers and
the digester contents were mixed,
8. Sludge was withdrawn from the digester as described
previously. ‘
9. Excess gas pressure was released to the atmosphere.
10. Sludge withdrawn in excess of that‘which was nec-
‘essary was mixed with the feed sludge to the digester,
11. The remaining sludge wlthdrawn from the digester
was elther kept for analyses or wasted | L
12, The digester was fed, sealed and replaced’ in the
cablnet and the procedure ‘was repeated with the
- other digesters.
13. After all the digesters had been fed, the cabinet
was closed and the mixer drive motor was restarted.
The tlme required to complete the procedure from makling up the
feed sludge to restarting the apparatus was between one and
two_hours. The times taken to complete the various analyses
and operations in this study are shown in Table‘35 in the

Appendix. ‘ ‘ ¢

The only serious problem encountered in the overall pro-
-cedure was the collection of supplies_of raw sewage sludge. |
Oon three_or four occasions, the rau'sludge from the primary
sedimentationftanks‘at_Nevada showed the characteristics of a
| partially digested sludge. It was black, the ﬁotal?Solids

concentration was high and the volatlle solids concentration
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was low, Fresh sludge ls usualiy brown in coibr, has a rela-
tively low total sollds concentration, and has a high volatile
sollds concentration., When this occurred, sufficient sludge
was collected to last only until fresh sludge could be obtain-
ed, The results of using such partlally digested sludge are
indicated in Flgure 17 by fhe gas productionvvalues'between
days 40 to 45;v, |

c. Anaiyses

The digestion within the six digesters was controlled
and 1ts progfess evaluated'by~making several:analyses of the
sludge and the gas produced, In most casés, fhe tests are
recognized by Sténdard Methods (3) as beilng the standard tests
for use in sludge digestion sﬁuéiés. It was recessary'through—
ouﬁ the digestlon studies to obtaiﬁlcertain information about
the digestion process for which no. standard tesﬁ'is.recommen- -
ded. When this situatién occurred, a test was elther obtained
from another source or developed to sult the particular pﬁr-
posé. The exceptionslto the standard tests are fully described
in this sectlon. A discussion of the value of most of the |

tests will be found in the Literature.Review;'

1. pH
" The pH of a 1iquid is defined as the logarithm to the
base 10 of the reciprocal 6f the hydrogen ion?conéentratidn; :
AAll pH vaiueé of the raw and digested sludges weré measured

in accordance with Standard Methods using a Beckman Zeromatlc




o4

" pH meter, Model 9600 equipped with a manually operated temper-

ature compensating circuilt,

2, Volatile aclds |

~ The sludge withdrawn from each'digester was tested for
volatile aclds using the "Distillation Method (Tentative)"
described 1n Standard Methods..

3. Alkalinlty

| Alkallnity cf the supernatant obtalned after centrifuging
- the sludge obtained from the digesters was determined in |
~accordance wlth the potentiometric method described in Standard
Methods. An exception'tohstandard Methods was made in the
cases ofvhigh alkalinity values. Instead of using O 02 N _
sulfuric acid as recommended, O. l N sulfuric acid was used
‘This was necessary because of the.slze of titration beaker

used..~

L. Total and volatile s0lids test

The total sollds and volatile sollids in the raw and di-
gested sewage sludges were determined by the standard tests
commonly used in sludge digestion studies and fully described
in Standard Metnods. A resume of the tests will_be gilven %o .
-asslst 1n understanding the results of the digesticn studies.

The total'solids}test‘determines by evaporation on a
100 Cowater bath the quantlity of.solid material, including. |
o settleable,isuspended;‘cOlloidal and scluble‘solids, in a.given

weight of S1udge; The results are usually reported in per-
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centage form, The volatlle solids test attempts to determine
the quantlty of organic matter preSent in a given slﬁdge. The
dried‘solids obtalned in the total solids teét are burned in
a muffle_furnéce‘at 600°C for one hour. The'organic matter

is volatilized leaving the "fixed" solids.  The volatile

‘'solids content, or the}lossiin weight'of the total solids, 1s

expressed as a percentage of the total solids welght,

In the operation of the.digesters, thé totalféblids test
by 1tself was necessafy to detérmine the make-up bf the feed
sludge‘and the solids content maintalned in the digesters..‘
The total solids test and the volatile sollds test were used
together_tovdetermine the loadlng rates to the digesfers and
to determine the destruction of volatile matter in the di-

gesters.,

5. Gas production

The volume of gas produced in digesters 1 through.G_was,

measured once a day just before feeding the digesters. After

feeding a typlcal digester, Ehe gas pressure relief'va;ve |
(Figure 3) was left open'until the pfessure inside the di~-
géster was the same as the pressure outslde the digester.
When the pressﬁre 1ps;de the digester was the same as atmos-'
pheric pressure the digester was sealed by closing this valve.
Subpose the volume of gés inslde the digester'at this time'was
Vp at a standard'temperature-(TS) and a standard>pressure}.

(Pg). Let the atmospheric pressure be represented by Pyp.
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The dligester was then'placed on the mixing apparatus
inside the temperature controlled cabinet until 1t was fed.
sgain, appreximately 24 hours iater. éas whilch was produced
inslde the digester during-the 24 hours could not escape from
the digester, resulting 1n a pressure bulld up. At the end of
24 hours the pressure inslde the digester was measured using a
mercury‘manometer. Let the pressure indicated by the manometer
reading be represensed by Py. Suppose the volume of gas in-
‘side the digester at the end of 24 hours was Vg at a standard
temperature (TS) and a standard pressure (st. Let the atmos-
pheric pressure”be represenﬁed by PAE.' Thus the volume of gas
vproduced (VP) in the 24 hours of digestion is the volume of
gas at the end of the 24 hours (VE) minus the volume of gas at

the beginning of the 24 hours (VB)
Vpo = VE-VB

Tne temperature of digestion is represented by Tp and the vol-
ume of the digester occupled by gas 1s represented by Vp
(liters). Vb is determined by subtracting the volume of di-
_éestingysiudge_from_the volume of the empty dlgester, VB and

Vi may be determined using ideal gas laws. The volume of gas

at the beginning of the 24 hours is det ined from:

Tp Ts - | Pg.Tp

AR
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The total pressure Lnside the digester at the end of the 24

hours is:

Ptotal = = P + Py

The volume of gas 1inslde the digester at the end of the 24

: hours'isrdeterminéd from:

Vpe (Pag + Pu) | VE.PS
| Tp - Ty
or . Vg — Vpe(Ppg + Pu)Tg
B, ?D
Hence Vp =Vﬁ -Vg == VpTg BPAE +  Py) - PA@] |

A stﬁdy of previous records indicated that the difference in

barometric pressure in 24 hours was negligible (i.e. PAB==?AE),
The maximum variation was approximately one.cehéimeter'ofAmer_
‘cury in a'24ehouf period. The average varlation was only three

millimeters of mercury.

o VpTs

PsTy,

o. PM .

I
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‘The following standard conditions were assumed:

Tg

PS'— 76 centimeters of mercury
= 95%F = 35%¢ = 308°K

PM = manometer reading (centimeters of mercury).

= 0°¢ = 273°K (degrees Kelvin)

Therefore VP == (VD)( )(273 K) liters
| (76) (308°K)

_ (Vp) (Py ) (273°K)  eu £t

(76)(308°K)(28 32) |

Vo = (4.14 x 107 )(PM)(VD) cu ft

Ali‘gas productions Weré calculated from this expression.
The’éxact quantitative volumes of gas may vary from those
determined by this method by about . 1.3 percent, but compari-.
sons between digéstersvare always valid.

'A_correction'Was made 5o the gas production data to
account.for the loss ofvcarbon_dioxide due to the solubllity
of carbon dioxide 1ln the sewage'sludge. Henryt's laﬁvwas usé§
to calculate the correction. Henry's cthtant.(K),for sludge
was assumed. equal to Henry's cénStant (K) for water (36)
because a literature search did not‘reveal any'work,which had
‘been done on the solubility of carbon dloxlde in sewage sludge;

Henry's law states that:
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K — P, = Pressure of gas A in millimeters

Ny Mole fraction gas A ln solutlon

Ngop = (P)(RCOQ)(W)’

(Kgop) (18.02)

where n, 1s the number of moles of carbon dioxide in

CO2
' solution. |
P 1s the pressure in the digester in milli-
fmetefs'of mercury. -
RCOg 1s the percéntage of carbon dioxide in the
| gas in the dlgester, . A
W is the'weight of sludge in the digester in
grams. _ |
‘KCOQ 1s Henry's Constant for'the solublllity of
carbon dloxide in water, 1.25 X 1O6vat
25° ¢ (36). -
|  The'vdiume of carbon‘didkide dissolved in sludge at a

‘standard temperature and pressure of 0°_C-and 76 centimeters

of mercury is:

VCOQ:=? (P)€R002>€w? X | 522.4 liters per mole? Liters
Kgop (18.02)
vc_c',e = (3.34 x 10;8?@?__‘%%?("’? |  eutt

where VCOQ is the volume of cérbon dioxide dissolved in the
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sludge at standard temperature and pressure.l To obtaln the‘
total amount of gas produced each day, the VOlume of carbon
dloxide dissolved in the sludge was added.to_the volume oflgas
calculated atistandard temperature and pressure from the gas
pressure alone, The gas production based on the quantity of
volatile matter added and destroyed was calculated by dividing»
the gas production for a particular day by the pounds of vola-.
tile solids added and destroyed 1n that day. An IBM TOTY4
computer was used to calculate the gas corrections. The
program was written in Fortran lI language and 1s shown in
Figure 34. All gas production and gas quality data reported
in‘this dissertation represent the total:production of both
v methane'andicarbon dioxide during the run, including the
: carbon dioxide in solution in the sludge itself The data
' shown in the Appendix in Tables 27, 28, 29, 30 and’ 31 are the
-corrected data. .

For example, Table 28 indicates‘that on days 6 and 52
during Run 3, the gas productions in digester 3 .were 6 5 and
T.7 cu £t per 1b volatile sollds added respectively. The
followling data are the raw data for digester 3 on days 6 and
52 (rable 4a). The quantity of carbon dloxide dissolved in
the'sludge'was 12,2 percent of the total gas volume when the
pressure was approximately 9 centimeters of mercury and almost
13 percent when the pressure was approximately 81 centimeters

of mercury. At both pressures the quantity of carbon dioxide
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| dissolved in the ‘sludge was a significant proportion of the

total gas volume.

Table U4a., Raw data for digester 3 on day 6 and 52

Manometer® Gas® = Volume® = Total gas®
Day reading =~ ~ volume . correction  volume
6 8.9 0.058 0.008 0.066
52 81.5 0,526 0,078 0,604

3Centimeters of mercury.

Pealculated gas production: vp (4. 14 x 10 )(PM)(VD)
cu ft..

Ccalculated vglume of carbon dioxide dissolved in sludge:
Veo, (3.34x 10" )(P)(RCo ) (W) cu ft. 4

dSum of calculated gas volume and calculated carbon
dioxide volume correctlon.

The calculation of gas production based on the volatile

-

solids added to the digester is indlcated below.

Table 4b, Example of gas proddctionLcalCulations,

Day Volatile solids added (1b) Gas production?
6 0.0101 . 6.5

%Cu ft per 1b volatile solids added. Calculated by
}dividing total gas volume by lb»volatile sollds added.
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6. Gas analysils

a. General background Numerous authors (61, 64, 66,

85, 97, 124)'have contributed to the present state of
knowledgé regarding gas;liQuid partition chromatography., In
the last decade, gas-llquld partition chromatography (GLPC)
has developed Into an extrémely valuable analytical tool.
Grune gg.gl,‘(66) showed that gaé'énalysis 1s able to detect
digester changes with greater éensitivity than many dther
parameters such és: pH;'electrplytic conductivity;foxida-
: tion-réduction potential; and volatile acids concentration.,

Three principle methodé‘cah be employed in gas chroma-
tography,-namely, frontal analyéis, displa@emenﬁAanaiysis |
“and elﬁtion. In this study only elution was considered for
digester gas analysis as 1t 1s the only method which will, v
‘under favorable cond;tions give separate peaks wilth negligible'-
overlap for each cbmpdﬁent of a sample mixture, (Figures 8,
9, 10). Negligible overlap of the componénts leaving the
partition column was required in this study so that true -
peak heights'could be determined. This 1s not necessary if
one has availabie the apparatus'for analyz1ng compounded
peaks. | -

- The process of elution may be élarified by conslderlng a
column packed with an adsorbent over_whidh a stream carrier
gas C 1s passed. A volatlle or gaseous sample whichvconsists

of components A and B 1s injected into the gas stream.
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Coneiderihg an element of the column, some molecules of com-
ponent A will be retalned by the adsorbitivity of the column
packing. Component A molecules W1ll pass from the gaseous
phase to the column packing only Quring'the perlod that the
“concentration of cohponent A 1nvthe gaseous phase 1s greater
than that on:the.column packing. As the carrier gas moves
unadsorbed gas A along the column, the concentration of A in
the carrier gas will become less than the concentration of A
_in the element of packing material. At this time molecules
of-component A wiil pass from the columnvpacking vack into-
‘the carrler gas C. . Eventually, since this is:a continuous
process, a state of equilibrium will be reached in the column
where the rate of edsorption of component A on the packing
material will be equal to the rate at which component A
'reverts'to'the gaseousrphase. At equilibrium, a fraction of

'component A, X , 1s adsorbed in the stationary phase, The

a
result 1s a probability equal to (1-xa) for each molecule of
A to stay in the gas phase and keep moving. In a finite time
| interval, component A will move along with carrier gas C only
'(1-xa) of the total time.

Similar reasonling can be applied to component B which will
only move along with ‘the carrier gas C a fraction (l-xb) of the
" total time.‘ If Xa is larger than Xb then component B will

emerge from the column sooner than component A. The ‘difference

" between X, and Xp will indicate the degree of separation to be



Figure 8, Chromatogram for ldeal frontal analysls

Figure 9. Chromatogram for ldeal displacement analysls

Figure 10. Chromatogram for 1deal "elution analysis
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expected..,Théﬂgaseous components aféiidentified qualltative-
1y by'their'retention timés In the column. Quantitative 1dén~_
tification of the components can be ﬁade ﬁsing several methods.
- Thermal conductlvity measurements are predominant at the pres-
ent time. Several factors influence the degree and type of
separation of the components of a gas mixture in GLPC.i Among
 these are the column dimensions, the nature bf'thefcarrier
gas, the gas flow rate, the adsorbent and Support materials in
the column, the temperature of the column and the method in |

which the sample 1s introduced into the column.

b Aggaratus The system used for analysls 1s shown
schematically'in Figurelll. Figure 12 shows the actual sys-
tem used. The flow pattern of thé.helium carrier gas.will he
used to describe ﬁhe‘system. Immediately upon leaving the
Storage‘bottle, where a two stage'cylinder regulator controlled
" the pressure in the syétem, the carrlier gas passed thrdugh'a

Gow-Mac, TR—ll-B,temperature regulated thermal conductivity

cell., BoWer'was supplied to the thermal conductivity cell by

a Gow-Mac, Model 9999-D power supply unlt. A temperature of
2600 F was maintained in the thermal conductivity cell and a
current of 230 ma was applled to thé detectors, The helium
ieéves~the cell, basses’a sample Injection assembiy and flows
into the_pértition column. A tee-jolnt sééled with a self-
‘seallng rubber disc formed the injeéﬁion'assémbly. The carri-

er gas and sample componenES'upon_leaving the columnfpass



- Figure 11.' Schematic diagr_'am of gas analysls apparatus
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through the thermal conductivity cell, In ite simplest form,.
the thermal conductivity cell consists of two heated sourcese
~arranged ln a Wheatstone bridge circuit with two reference
resistors-and trim resisto:s provided for final balancing of
the bridge (124); One source, as previously mentioned, 1s
kept in‘the'pupe,carrier gas. The;other source is placed in
the effluent gas. from the chromatographic column.  In this way,
the effects due to the carrler gas are nullified. As the gas
flows past'the heated.sources'the heat conducted away is deQ
pendent on the thermal conductivity of the gas, The electri-
cal reslstance of the source is in tufn a strong functlion of
its temperature; Hence, if'oue source 1s in the carrler gas
and}the other 1s in the carrler gas plus sample components,
then a state of unbalance will exist in the bridge. This will
be noticed as a signal sent to the recorder. .The recorder
used in this study was a Sargent recording potentiometer,
Model MR. A 1/4-inch flow control needle valve is situated in-‘
the gas line following the thermal conductivity cell. To
meaeure the carrier gae flow'rate, a flowrator or rotemeter
was placed‘after the needle control‘valve. The caruier‘gas‘is
}releesed'to the atmosphere after leaviug,the flowrator. All
the gas lines'were L/heinch 0.D. copper refrigeration tube and
all connectione were made with SWagelock ges-tight fittings. 

c. Preparation of the chromatographic column - Grune

g},gl. (61, 66) constructed a chromatographic column using




Filgure 12,

Flgure 13.

Gas analysis apparatus

A.
B.
C.

F.

a.

Helium,gas cyiinder

TwWo Stage‘cylindér regulator
Temperature regulated thermal
¢onductivity cell | |

Sample injéction_assembly

Partition column, (This diagram shows

a column made from 5bpper refrigeration

_ tubing. A stainless steel column which

1s physically similar was used in this
study.) |
Power control unit

Recording potentiometer

Injecting a gas sample from‘a»digester'into

the Chrdmatographic apparatus.
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silicone-grease-coated firebrick which gave exceptionally

good separations of carbon dioxide, alr, methane and hydrogen

sulfide.. Based upon their experience, the chromatographic

column used in this study was prepared in the.following manner.
An amount ovaow-Corning silicone stopécock grease,

sufficient to glve a ratio of 40 parts grease to 100 parts of

support material by welght, was dissolved in carbon tetra=-

- chloride. The support material, which consisted'of c 22, 28~

ho mesh crushed firebrick, was poured into the grease solution.
The grease solvent was evaporated in a hood under heat lamps,
usling a fan to minimize the risk of toxic effects. When most
of the carbon tetrachloride had evaporated, it was necessary‘to'
stir the mixture continuously:toiensure a:uniform‘coating of -
the grease over the surface of the‘brick. »After complete

evaporation of the carbon tetrachloride, the'grease covered

brick was dried at 100°C for 24 hours in a ‘temperature con-

trolled oven. When dry, the brick felt asfthough'it.were
uncoabed when held 1lightly between the fingers., If pressure
was applied by the fingers, thepgrease was noticeable; although
even under this condition thesbrick particles did not adhere
to'each other;v The coated brick ‘was packed in stainless steel
tubing, 1/4<inch 0.D. and 44 £t long. To make handling of
the column more convenient it was colled. '

| .Difficulty.was experienced when dissolving the silicone
grease l1n carbon:tetrachloride. Methylene Chloride; although
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not used in this study, proved to be a muéh better solvent for
-'the sllicone grease. The origlnal 1ntention bf this work was
to use a 75-foot column for gas analysis., Tests showed that
the deslired carrier gas flow rate of 100 ml/mihute could not
bé maintained unless-high4gas pressures were used 1n the sys-
tem. This'gaVe rise to sample inJection problems and for thils
_reason ‘the length of the column was reduced to 44 ft, The

: separationrpeaks were not quite so pronounced but they were

Satisfactory.-
d. Procedure : Callbration curves were plotted for.

methane, air and‘carbon dioxlde, Analytilcal grade'methane and
carbon dioxidé;-énd.atﬁospheric air were used in the callbra-
tion proéedure.' Samples of these gases were injected into

~ the ChrOmatograpﬁy épparatus with a Hamilton Model 1001 "Micro-
1iter" hypodgrmic syringe. Plots were made of sample size ver-
sus péak heigﬁts obtainedion the recorder. Samples of nitrogen
and oxygen were placed in the.column for analysis and'their
elution times were found tb be.almost 1dentical. Thé air
samples which had beenvanalyzed previbusly showed a single
peak, the elution time of which.Wés the same as that for nltro-
gen and dxygen. The lack of time difference for the elutiqh,
times of nitrogen and ox&gen explains'the singlé peak obtainéd
for airQ‘ To analyée_the digester gas, the hypodermic neédle
was pushed. through the serum stopper on a .dlgester, The sy-

ringe was flushed several tiﬁes wlth the»digester'gas'and'then‘

S e AN AN R R e
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a 300 microliter sample was extracted. Care was taken in
transferring the sample to the}inJection'assembly’on the chro-
mstography apparatus to avold contemination.of the sample with
alr, The sample was injected into the carrier gas stream (Fig-_
ure 13). The resulting increase of gas pressure in the system
caused a blip on the recorder chart. As the component gases of
the sample mixture passed out of the partition column into the
‘thermal conductlvity cell, traces were produced on the recorder
chart. These traces Were related to the injection'blip and in
this wayithe sample components couid be'identified. A typical
digester gas analysls 1s shown ln Figure 14, Péak helghts
produced by the sample components were taken from the recorder
chart and, using the calibration curves, the actual volume of
each component in the original sample was determined. The

values were converted to a percentage basls.

7. Qualitative volatlle acild analysis .

' ‘The importance of the type of volatile aclad present in a
digester haslbeen discussed in the Literature.Review.,,In_this
study an attempt was made to determinetQuslitetively and quan-
t1tatively the volatile acids in the digesting sludge. Chro-
matography'columns were made up according to the specifications'
of two‘authors (823 132)"who had'succeeded in determining vola=-"
tile aclds both'quantitetively and qualitatively.._Although |
these columns were first tested on a GLPC‘thermel'conductiVity

rig and then on a GLPC flame lonlzatlion rig; novidentification



Figure 14.

Recording of & typical dally gas analysis
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quallitatlively or quantitatively, could be obtained because of
the masking effects of water. 'According to a private comuni-
cation the results obtained.from GLPC experiments reported in
.the literature can not always be reproduced due‘to'the
omlssion in the written report of some‘factor or factors which -
affect the‘experiments. For this reason; ascending technique'
paper chronatography‘was used to_examine,the volatile aclds

in the digesting sludge. Only qualitative determinations

were made because of the difficulty 1in obtaining accurate
-quantitative results with paper chromatography.

The method used was developed by Buswell,gt.al. (19)
'following'experiments by Hiscox and_Berridge (83). A butanol-.
' ethylamine eluent was prepared by shaking one'part by volume |
of 2;0.§ ethylamine solution with four parts by volume of |
n-butanol and allowing itvto'stand'until it'separated into two
layers. The upperilayer was used as the carrier phase, This
author obtained better results using a 1;5_§.ethylamine solu~

tion. Test solutions of sodlum formate,"acetic acid; propi-

onic_acid, butyricyacid, iso=-butyric acid,and'valeric acld

~ were made.up at'concentrations of'2000 mg/l. ‘Whatman No. 1

chromatographic filter paper in strips approximately 18 inches
long and 1-1/2 inches wide were spotted with 20 microliters of
the test solutions and allowed to dry.. When dry, they were
'placed in glass cylinders containing the butanol-ethylamine

eluent and were sealed at one end and stoppered at the other
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| as shown in Figure‘lS; ‘The strips were hung from hooks filxed
invthe rubber stoppers such that approximately one inch of the
strip was submerged in the eluent. The spots had been posi-
tioned on the papers so that they were approximately one 1lnch
above the eluent surface. After four hours‘the strips were
removed, dried; and sprayedeith a 0.4 percent solution of brom
cresolzgreen indlicator in 95 percent alcohol. The spots on.the
paper and the helght of the carrier liquid~were‘marked; The

Rf values of the acidsmwere:determined:by measuring the dls-
_tances the centers of gravity of the spots had moved compared
to the distance'theeeluent front had moved. The Rf values of
the aclds are given in Table 9. Unknown samples‘from the
supernatant of'centrifuged digesting sludge were treated in a
similar manner and the acids present were identified by their |
Rf values. Care was taken in all of this work to avoid touch-
.ing'the chromatography paper with the hands. There are vola—
vtile aclds present on the skin and these will produce spots on
”the paper, Forceps were used to handle the paper at all

times.

8. Dewatering test

The ability of a sludge to be dewatered 1s an important
consideration in the digestion of sewage sludge. Frequently,
the only method for dispersing of digested sludge avallable
is to:dry the sludge and elther sell or give away the dried-

product, burn the sludge or bury the sludge. All.of“thesej;
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processes are beneflted by having the final sludge as dry as

possible.

A'test which has been used frequently to test the de-
watering characteristics of sludges treated with chemicals is
the filterability‘test Originally a sample of sludge was
placed in a Buchner funnel and a vacuum was applied, The time
“required for a crack to develop iIn the filter cake 1n the.
funnel was noted and taken as a measure of the dewatering
ability of the sludge. Coackley and Jones (33)_introduced a -
concept of specific resistance which did not depend upon the
initial solids content of the. sludge, the volume of sludge
being filtered, the area of the filtering surface or the
pressure at which the filtrationVWas carried out. They devel-
oped further work by Ruth (146) and Carmen (28, 29, 30) and
found that the concept of specific resistance was a useful
measure of'the dewatering ability of sludge. The equation

‘giveh.by,Coackley et al, for'specific :esistance 1s shown.,

r = 'ggg?. b.
Mc
where I is'Specific resistance in cm per gram “

P is the pressure of flltration in gram per sq'pm
A is the‘filter area in sq cm | ’

 M1s the flltrate viscosity in poise |
¢ 1s the solids conteht of the sludge ln grams of solld

per ml of filtrate | |




Figure 15. Apparatus fdr determining'individual-volatile aclids.

(left) | ' | |

i ” J. Tubes cqntaining chromatography paper4andneiu§nﬁ.
K. Micro-pipette. |

- L. Forceps for handling chromatégraphy'paper;

Figure 16, - Sludgé dewatering'apparatus.
(right) 7 |
" h lI, Buchner funnel,

J. Vacuum cylinder containing burette.
K. Manometer.

L,‘ Tublng leadlng to a source of vacuum,
M. Drain for burette.

O. Electrlc timer,

P. Whatman No. 1 filter paper.
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b is the slope of the line obtalned if the time divided

by the filtrate volume at that time is plotted against
the filtrate volume ltself, '

The unlts are sec¢ per ml?,

Rich (131) preéénted the same equation in terms of the English

systéh of“units.

The specific resistance test was made using a system in-

which a known vacuum could. be applied to a Buchner funhel con-

taining Whatman No. 1 filter paper and a sludge sample. The

- filtrate volume was measured and recorded with'respect to

tine,

Flgure 16 shows the apparatus used.

The complete procedure for the test 1s outlined below:

1.

.2.

A disc of Whatman No. 1 filter paper was placed in
the funnel and wetted down with distilled watef.

The funnel was placed-on'the apparatus and the ex-

cess water was drawn out of the filter paper by

applying a small vacuum foﬁ.a short time.

The pressure ét.all pafts in the system was made at-
mospheric and 100 ml of sludge were added to the
Buchner funnel. |

The temperatﬁre of the slﬁdge was recorded;

A valve, not shown in.Figufe i6, which was used to
control the vacuum to the apparatué.was closed, A

vacuum was applied such that.a vacuum of 52 centi-
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‘metefS'of mercury was bullt up'over a perliod of -

| approximately four minutes and 15 seconds. Different.

results were obtained if the time of‘building up the
vaéuum was changed. |

When the vacuum reached 52 centimeters of meréury,,
a stopwatch Was started and the volume of flltrate

in the burette was noted.

‘Readings of filtrate volume were made every minute

for 15 minutes.

A graph of time divided by filtrate véiume versus
filtraté volume was plotted. The slope of the
resulting line on this graph was détermined.

The specific resistance of the sludge saﬁple was

determined by substituting the slope of the graph in

the equatlion and determining - the other values by

~

measurement or with the use of tables.




124
V. ANALYSIS AND DISCUSSION OF TEST RESULTS

Data were collected in this study to determine the effect

- of the concentration of solids in a dlgester on the anaer-

obic digestion‘process. As'previously mentioned, the most

. reliable'indication'of the state digestlon was belleved to

- be the,gas-production, expressed in terms of cu ft of gas pro-

duced per 1b volatile solids added to the digester per day.
The gas production hased on the yolatile solids added and
destroyed each day were‘calculafed and piotted. Flgure 17.
is a typlcal plot of gas production in digester 2 based on the
volatile solids added..'The loading rate to the digester each
day is also shown in Figure 17. The variations in volatile
aclds and volatile'solide‘reduction during a run were also
plotted (Figure 18). Complete data'for Run 2.and Run 3 are
included in the Appendix. v‘ | |

A1l conclusions are based on data included in the tables

in the Appendix. In most cases, the data were extracted when

~ stable conditions, as evidenced by a period of uniform, gas

production, exlsted in the digesters. The data for each day
within a particular period were averaged over the length of
the period. Typlcal graphs such as are shown in Flgure 17 and
18 were used to choose the_periods‘when stable‘conditions |
existed. The}gas production based on the volatile sollds

descroyed in the digesters_was-calculated'for each day of

- operatlon during Run 3.' HoweVer, because of the small change 1in

e RN



Figure 17. Gas productlon and 1oading rate for digester 2, Run 3

Figure 18, Volatile solids reductlon and volatile acids concentrations in
o ; . digester 2, Run 3 ‘ S ' :
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welght of the dlgesters due to volatile solids reduction‘and
the relatively inaccurate method of welghing the digesters, the

calculated_gas productions_based on volatile sollds destruction'j

4were not‘accurate. For example, suppose 500 gm of sludge -con-
talning 8 percent total sollds and 75 percent volatlile sollds
were added to a digester and suppose the volatile solids re-
duction (see section Vv, B) was:80 percent.

Weight of volatile solids added to the digester

= (500) (0.08)(0.75)

| ‘__30 grams.
If 80 percent of the volatile solids are destroyed the change
. 4n weight of the digester will be 24 grams. The digesters, |
including the digesting sludge, weighed approximately 23,000
grams and during operation they were weighed to - 50 grams,
For thls reason, .gas production data based on volatile solids
~ destruction are not presented in this-diSsertation}

A summary of the data averaged over periods of reasonable
uniform digestion periods (from Tables 18, 20, 22, 24, 26, and
| 28) is'presented in Table 5, _The usable data from Run 2, |

‘because of unstable conditions inside the digesters; were not

extensive and are not presented in Table 5, The‘author be~-

lleves thls was due to an inltlal oVerloading of the digeSters

such that a high volatile aclds concentration accumulated._"
.. The organisms in some of the digesters were inhibited For
this reason the following discussion will apply to results

from Run 3 unless otherwlse stated,
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Where loading rate studieé have been reported in the
11teréture, 1t is usual to find the total sollds concenératipn
in the feed to a dlgester gi#en as the pafameter describing
solids concentration. In this study, the total solids con-
centration of the digesting sludge was thought to be a more
 informatlve parameter. To corfelate_the data presented in
this dissertation with that of other‘experimenters, azgrapb
was drawn to relate the concénﬁration of total solids in the
feed sludge to thelconcentration'of total solids in the di-
gesting-sludge (Figure 19),' The data were obtained from -
Tables'lh and 18. It ﬁas”noticedAthat groups of po1hts were
6bta1ned dn the graph at particulaf raw sludge and'digesting'
sludge.solids concentratiohs. The groups of polnts were re-
placed by representative points; This accounts for the
relatively few plotﬁéd-points in Figure 19 as‘opposed to the
mpre numerous data in Tables 14 and 18. A sﬁraight line
‘relationship was obtained, If Tp 1s the feed solids con-
centration and Ty 1s the digéstiﬁg sludge sollds concentra-
tion; the relatiénship between them was found to‘be:

Tp = 1.23 Tpe. | | |

Figur§m20 was piétted to show the relationship bétween
, totél4éolidé-t1mes'volatilé solids in the'raw and digésting
 sludges in Run 3; The fligure i1s used later in the'discussion’

 of the results in the sectlion concerned with.10ading rates. .



. Table 5. Summary of results, Run 3

* Days Detention Time Solids? Volatile Solids
Digester  Averaged - - Reduction Gas Production
‘Total Volatile (percent)

22-28 3.4 34.6 2.00 43.4 - 11.7
29-49 6.1 17.7 1.90 47.5 8.9
50-59 9.4 11.4 1.80 52.4 8.3
20-28 6.8 34.4 . 3.60 52.0 11.6
30-37 11.3 20.5 3.45 52.8 10.8
44-49 13.7 15.9 3.55 55.1 9.1
50-59 19.0 11.4 3.55 56.5 8.3
60-66 24,5 8.9 3.55 57.5 7.9
25-29 34,2 6.15 47.4 11.3
30-38 20.2 -5.70 48.3 9.1
44-49 15.9 6.00 50.2 8.3
51-59 11.4 5.85 51.4 7.7
60-66 8.8 5.50 52,7 7.1
22-28 34.2 7.50 46.6 10.5
31-38 19.1 7.30 45.4 8.3

aLoading rate (1b volatile solids added per cu ft per day x 10f2).
bDigesting solids'aoncgntratioﬁ (peréent), total and volatile.

cGas production in cu ft'per 1b volatile solids added.

621



Table 5. (Continued)

- Days Loading  Detention Time Solidsb_ Volatile Solids
Digester Averaged . Rate? (days) Reduction Gas Production®
: - "Total Volatile (percent)
4 44-50 - 24,3 15.9 7.69 49.6 52.8 7.8
51-66 37.4 11.4 7,22 51.2 59.6 7.2
5 16~20 9.0 54,1 8.50 44,6 70.5 10.5
" 20-24 ‘10.1 54,5 8.50 45.6 68.0 11.4
25-28 13.2 41.6 8.50 - 45.1 68.5 10.8
32-38 20.9 22.0 9.25 44.8 69.2 8.2 -
44-49 30.8 15.9 9.65 46.6 48.3 6.8
51-62 49,2 11.3 9.85 49.4 56.6 5.8
6 16-19 -10.8 51.1 11.10 48.8 63.3 7.8
i 21-24 “11.9 51.3 11.10 48.6 61.6 8.0
26-29 15.4 39.7 10.90 48.6 61.5 7.8
33-39 24,2 23.7 10,95 48,6 . 61.7 6.8
44-49 " 34.9 15.9 9.65 49.4 36.0 5.7
51-66 55.8 9.85 52.6 50.9 5.0

0€T




Figure 19, Relationship between sollds. 1n rawv and digesting
. sludges, Run 3

Figure 20, Relationship between total sollds times volatile
- solids in raw and digestlng sludges, Run 3
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- A. Gas Production

Theory 1ndicates that an optimum»solids concentration
should existrin digesting siudge where gas productions per 1b
‘sof volatilensolids added to a digester'are a maxlmum, For
~example, at zeno percent solids concentration, there can be no
gas production. If the solids concentration is 1ow, the solids
are~widelyvdisperSed and‘no#.readily avallable as food for the
. microorganisms in digestion. The resulting gas production will
be low. Increasing the solids ooncentration wlll increase the
availability of the solids to the microorganisms.oaﬁsing an
“Increase in gas production. Eventually, some limiting factor
suoh as lnefficient mixing or 1nsufficiéntAdilution of meta;
bolio end products wlll reduce the efficiéncy of the gas pro;~‘
duclng microorganisms. The raﬁe of gas production'will then
décrease. If tne-solids concentration continues to increase
the rate of gas production will be further decreased, Hence‘at
some solids concentration a maximum rate of gas production |
snould exist. In this-section data have been analyzed to
determinekthe relationship between gas p?oduction and sollds
concentration, _ |

Gas productions based on volatile solids added to a
digester were plotted against detention time for each digester
using data from Table 5. The trends 1ndicated by the data are
shown in Figure 21. The graph indicates that the gas pro-
duction.increésed“as the detention time increased,vahe 1lines

 are approximately parallel, indicating that the increase in gas
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prodﬁction producéd_by an increaée in detention time 1s almost
1ndependent’of‘the.solids concentration of ﬁhe.digesting‘sludge.
For example, the increase 1h gas production from the Sludge in-'
;digester 5 when the detention time 1s 1ncreaséd from 10 days

to 20 days is 1.5 cu ft7 per 1b of volatile solids added per

| daj. The increase in gaé pfoduction from the sludge in digester
3 for the same increase in detentlon time is 1.6 cu £t per 1b
of Vqlatile solids added per day. The a&erage solids'concentra-
tion of the sludges in.digééterS»E and 3 was.9.0,per¢ent and
5.8 percent respectively (obtailned by averaging the‘sblids'.
concentrafions listed in Table 18).

The variations in the solids concentration in the digesting
sludgés with change in détention time were plotted ih Figure 22,
The data in Tables 18 and 24 were used»to plot. this gfaph. For
exampie, Tabie 24 indicates that.the sludge:detention in digester
3 was 19.7 days on the 34th day of Run 3. Table 18 indicates
that on the 3ith day of Run 3 the solids concentration in
digester 3 was 5.6 percent. The solids concentration (5.6 |
percent) was plotted agalnst the corresponding detention time
1(19.7:aays) in Figure 22 for digester 3. Figure 22 indicates
that, with the exception of digester 5, the solids concentra-
tlons 1n the digésters‘#ere maintaiﬁéd relatively constant.

Figure 23 was constructed using data interpolated from
Flgures 21 and 22 and not daté ffom Table 5 directly., The gas
production in a partlcular digester for a Spécifiéd detention
--timé was taken from Figure 21 and'plotted in Flgure 23 agalnst

200 1 AR Sl M I a et



Figure 21, Gas production fdr digesters 1_through'6; Run 3

*

Figure 22, Solids concentration in digester for digesters
1 through 6, Run 3 .
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Figure 23.” Gas production versus digestar solids concentration
_ at varlous detentlon times, Run. 3

1 Detention time
Symbol ‘ (days) o :Reference
e - f ‘ ‘ - Run 3
o-- - | _ 8 .- 'Sawye_r' and Schmidt (152)
L ¥ . Case) T
o v:_‘ : ’  14 R | (1525.
1 14 o ' Torpey (168, 169)
2 10 4'(168 169)
3 8.3 . " {168, 169
4 6.4 {168, 169)
5 3.2 f (168, 169)
6 7 | : Mergan (116)
7 . 10 e
8 0 | | (116)
9 6 o . Sawyer and Roy (iBl)
10 8 (151)
11 0 | - (s)
12 15 | sy
13 20 | o - (181)
1

Each number is centered over the position of the actual
data point. - : 5
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the. sollds concentration in that dlgester for that detentlon
time (Figure‘ea). Figure 23 shows the gas production versus
thé,sélidsvconcéntrétion in the digesters at’deﬁention times of
10, 20, 30 and 40 days. Maximum gas produqtion was observed
to occur with a digester solids concentration between 3 and 5
percent.for deteﬁtion times of 10, 20; 30 and 40 dayé.l Whén :
the digeSter solids concentration was greater than about 5
percent, the gas productioh'tended to decrease as‘the éolids
COncentrétiQh,increased. The relationship-betwéen decrease in
gaé production énd increase in sollds éoncentration in this
portion of the graph}Was more of a straight line relationship
than in the'portion where the solids COhcentratioh was less -

than 5 percént. The decréase in gas production as the digester

solids.concentration_ianeaSed from 6 to 10 percent was:

- Decrease 1ln gas production

Cu £t per 1b | Percent of

‘Detention | ' volatile sollds maximum gas :
time (days) . added ‘production (Table 6)
0 2. o 22,2
20 2.3 y - 23.7
30 P 2.6 | 23.5
- 4o - 2.7 '21.1~

.- The decrease 1ln gas production.fqr a change 1n the'digester

solids concentration from 6 to 10 percent was larger as the
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detention time of the sludge In the digester lncreased,
Three.interrelated physical paremeters controlvsludge

digestion: loading rate, detention time, and solids concentra-

tion in the raw sludge,l This is discussed more extensively
in section F dealing with loading rates; Any two of these
parameters eutomaticelly determines the third perameter. . Por
l example, 1f the solide concentration 1is specified, as in this
study, and the detentlon time is varied, then the loading rate
varies inversely as the detention time, Alternatively, 1f the
'detention‘time 1s constant and the solids concentration'varies,
tne loading rate varies directly as the solids concentration.
-The'results discussed above indicate that as the solids
concentration-is increased beyond the optimum, there is a
.._decrease in gas production for a partioular detentiOn.time._
Loading rate may be substituted for solilds concentration and
the previous sentence would'read- the results discussed above
;indicate that as the loading rate is increased above that
assoclated with the optimum solids concentrationﬁ there is a
_decrease in gas production for a particular detention time,
Whenever digestion-results are‘being discussed and one of the
_parameters of loading rate, detention time or solids concentra-
tlon 1is constant, the remaining two parameters are either

directly or inversely proportional (see Equation 1 in Section F).

-~

lmhere are actually four parameters involved, the fourth

‘'one being volatlle sollds concentration in the raw sludge.
For the purposes of this discussion, the volatlle solids con-
centration 1s assumed Yo be.constant. ,
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The conclusions drawn from the results of this study arei

1.

days may be compared as follows (Table 6):

Detention time has a definlte effect on gas
production. As the detentlon time Ilncreased, or -
the 1oad1ng rate decreaéed, the gas production per

L4

1b of volatile solids added increased.

“ There 1s an optlmum solids concentration in

digesting sludge at which makimum gas productlon
might be expected, In this study, the optimum
solids concentrétion appeared to'“be petween 3
and 5 percent. |
A5 the digester sollds concentration increases

beyond the optimum concentration, the gas

;pfoduction decreases approximately linearly as

the solids concentration inoreases, The longer
the detention time,'the greater 1s the decrease

in gas produdtion for the same increase in

_solids concentration.
The maximum gas productions for various detention times obtalned
in this and other studies are listed in Table 6.
Levels of gas pfoduction’per 1b of Volatile soiids addedv
are about the same as those reportéd in the literature. For

- example, the gas production at detention ﬁimes of 10 and 20 .
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Table 6. Maximum gas production, Run 3

Detentlion time ‘ggfiés Gas®
‘ (days) (percent) production Reference
10 3.1 8,1 Run 3
20 3.2 9.7
30 . 3.7 11.3
bo 3.75 12.8
3.15 | 8.“9 - Sawyer and Roy (151)
8 3.05 9.15 o
10 2,99 9.22
15 2.2 9.56
20 ‘ 2.77 9;72
7 8.6 6.6. Morgan (116)
10 7.2 7.5 -
10 6.7 8.15
14 3.3 9.9 - Torpey (169)
10.3 3.0 8.3 o -
8.3 3.0 8.0
6.4 3.0 8.2
3.2 k1 68

8Cu £t per 1b volatile solids added.
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Gas production

~cu £t per 1b
Detention time -volatlile sollds :
(days) ‘ : added . . Reference
10 8.10 Run 3
10 9,22 152
10 T.5 116
10 8.15 116
10,3 8.3 (161) (169)
. 20 - 9,65 Run 3
- .20 9.72 (142) (152)

A wider difference in results of different studles might have
been_expeéted because of differences in the percentage of
sollids in the digester, in the composltion of the sludge feed,

différent feeding procedures, and differences in the dégree

of mixing provided, The dilgesters used by Sawyer and Roy (151)

and Morgan (116) were fed twlce daily and the digesterkuséé by
 Torpey (1695 waé fed every two hours. In this study, the |
digesteis,wére fed On;y once a day; Based on feeding schedule,
the results in thils stﬁdy‘should'perhaps have prqduced less‘
gas. However, the degree of mixlng was undoubﬁedly_bétter"
than in the opefation of ény of the.othergdigesters,

Data from other.sources, including the data in Table 6,
| wefe aléo plotted in Figure 23. Each number‘repreéehts a data
point. The data of Sawyer and Schmidt had been interpreted by
~ others as showing an 1hcreése in gas productlon as the solids

concentration‘;ncreaSed:' This dlsagrees with_the'results
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obtained in this stud&.i However, thelr data only covered a
- sollds concentratibn up to 5.2 percent, The results of this _
study show that'their-work was undoubtedly.in the region of an
opbimum solids concentration. The scatter in the data feported
by Sawyer and Schmldt tends to invalidate ahy conclusions con-
cerning a trend to an optimum but}they céuld be 1ntefpreted.
to cbnfirm the trends observed in this study.

Torpey's data (points 1, 2, 3, 4 and 5 in Figure 23)
appeaf to confirm tﬁe‘data'showing a decrease 1n gas §roéuction
as the detentilon time‘decreases} ‘Two of hils data, points 3
and 4, appeér to contradibt this statement. Polnt 2 agrees with
.data obtalned in this study. Polnt 5-cannot be correlated
because no data were obtained in this study with such low
~detentlion times. The data of.Morgah,Apoints 6, T and 8, agfee
"with the results obtained in this sfudy and cohfirm that there
1s a drop 1n gas préduétion with'sqlids concentration. 'Sawyer |
and Roy (points 9, 10, 11, 12 and 13) observed an increase in
gas production with detention time, although mqst of their
values were higher than those obtained in this study. Point
13 agrées well wilth the daté obtalned here. In the sﬁmmary,

- the results reporteé'by other workers are not consistent. .

However, thelr research may,be Interpreted as confirming the

- eonclusions feachéd in this study that:

1., An opﬁimum solids concentration exists in
digesting sludge at whlch maximum gas pro-

duction might be expected.
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2, As detention time 1s lncreased, or loading rate 1s
decreased, the gas pfoduction per 1b of volatlle

solids added increases.

B. Volatile Solids Reductions

In this'study, gas‘pfqduction was considered to be the
most 1mporbant parameter in.evaluating the effect of solids -
‘cohcehtration on digestion. Digestioh»was considered to be in
eqﬁilibrium if uniform gas prdductidns over a perlod of approxli-
mately 8 to 10 days were obtailned. The Volatilé'solids re-
‘ductions in the digesting sludge were expected td.COnfirm the:
conclusions reachéd from the analysis of the'gas productlon data.
However, after completion oflthe experimental work when the
data‘were belng analysed, it was realized that in addition to
using ﬁniform gas production as a criterion of stable diéestion
the equllibrium of the vdlatile sollds cohcentration in the
- digesting sludge éiSo should Bave been cpnsidered. A much
greaterllength of time’is required to achileve equilibrium R
volat11e so1ids concentfations in a digester than is fequired
.to obtainvuniformfgas prpduction. For example, the time required
to obtain uniform gas productlon after a change of déténtion_
time in a digesﬁer was approximately 8 to 10 days. 'The time
reQuired to obtaln equillbrium volatile sollds concentrations
in a‘digester after.a change of detentidn :time is dlirectly .
‘related to the time reqﬁired to feplace'thé digesting sludge

present at the ﬁime of the change wilith digestling sludge. at the
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new equilibrium volatlle solids concentration. .This time can
be calculated (see Recommendations) for a oarticular detention
time and a'particular'frequency'of feeding the digester.“For
a digester fed once a day_to prove a theoretical 20 day deten-
tion time, 59 days are required to replace 95 percent of the
- sludge. 'The-approximate minimum length of time 1t would have
- taken to complete Run 3 1f detentlon times had been held
constant until equilibrium volatile solids concentrations (95
percent replacement) in the digesting sludge had been reached
is 282 days., If 10 days are requlred at each equilibrium con-
‘centration (in Run 3, six detentlon times were studied) to B
collect data for analysis and 20 days were required to start
the digesters lnlitlally, the total run time would have been
362 days.”’The'time can be decreased if a lower deéree of
'reglacement will provide sufficlent precision in the data., 1In
:making a run lasting 362 days problems'of human and machine
~ endurance must.be considered. An experiment under conditions'
" of equilibrium volatile solids concentrations in the Recom-
mendations is proposed. Data from the proposed study should
confirm the conclusions reached from the analysis of the gas
production data in this study.. |

The inadequacy of the volatille solids reduction data to _

confirm completely the concluslons based on the gas production

data iS'realized However the vOlatile solids'reduction data
were analyzed taking into consideration the non-equilibrium

conditions ‘under which they were collected.
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‘The percent'reduction in volaﬁile solids was calculated for
eéch day on which volatile solids were determined either in the
raw 6r digested éludge. .The volatile solids céntent.of the
raw sludge fed %o each digester on any day was obtalined from
Table 16, The volatile solids content éf the digested sludge
on any day was interpolated from Table 20, The formula which
was used to calculate volume solids reductions wés developed

as follows.

Let; VSR percent volatile solids‘in raw sludge

VSD = peréent volatile solids in digested sludge

VSRéd:= percent of volatlle sollds destrbyed
- durling digestion
T = total weight of digested sludge solids
P - cénstant welght of raw sludge sollds added

_ to a completely mixed digester each day
Volatile solids in raw sludge = P(VSg/100)
 Fixed sollds in raw sludge = P - P(VSp/100)
| | = P(1 -’vsR/iooj
During the course of digestion,Athe-quéhtity‘of fiied (ndh-
volatile)solids in the digesting sludge will not change.
Hence, .the welght of fixed solids withdrawn'in the digested
sludge each day must be equal to the weight of fixed solilds
- added in the raw sludgé eachlday. If the weight'of sludge in
the digester 1s held constant the wéight of.digesting sludge
withdrawn will be 1ess than the weight of raw sludge added
'because of the loss of volatile solids during digestion.

‘Let T be the weight of digested sludge solids withdrawn
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from the digester.
Then, volatile solids in digested sludge = T*VS /100
end, fixed solids in digested sludge =7 - T°VSD/100

= 7(1 - VSD/ZLOO)
However, fixed solids in raw sludge = fixed solids in digested
sludge so

- P(1 - VSR/lOO = T(l - vsD/loo)
P(1 - VS/100)

(1 - Vsp/100)"
The welght of volatile sollds in the digested sludge 1s

the total weightvor digested sludge solids (T) minus the
welght of fixed solids. Or. -
' Yolatile sollds in digested sludge = T - P(1 - V8p/100)
| P(l-vsR/loo,) -

- P(l-vsR/loo)’ |

(1=V5p/100)

=  P(1-VSp/100) 1 )
: 1 -vsD/loo

. P(l-VS /100) o :

= R . V8p/100

(14VSD/100)
The percent of volatile solids reduction due to digestion 1s
the loss in welght of volatile,solids during digestion divided
by the original welght of volatile solids added, Therefore,

Volatile sollds reduction - -
(percent) : :

[ pevsy/100 < B(L - VSp/100) vsp/100 |
(1 - Vsp/100)°

X 100

P+VSp/100
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VSg(1l - VSy/100) - VSp(1l - VSp/100)
- VSg(1 - Vs,/100)

100

VSg(1-v5p/100) | |
It should again be emphasized that this formula is only valid

x 100 .

~when a digester 1s operating at equilibrium conditions with
‘regard to volatlle sollds reduction._ For example, suppose thel
volatlle solids éoncentration iﬁvﬁhe”digesting sludge in a
digeéter fed once a day, as 1n this Study, remains constant at
40 percent and that the volatile solids concéntration in the
feed sludge is 80 percent, This means that the calculéted
volatile solids.reductidn-is‘83.4.percent. Under these condil-
tiéns, the formula is;valid. Now 1et’thegloading rate to the
digester be increased éudh that the organisms functioning‘ih
the digesting sludge are comparatively éverloaded With fodd.
If the organisms effect a volatile solids reduction of 50 per-
cent at the new loading-rate, thé calculated volatile'solidsfy
concentration remaining 1h the digested sludge will be 66.7
.peréent, This will mix with‘ﬁhe previously digested sludge i
(40 pefceht_VOlatile soiids'conCentration)‘and thelléQE1 Qf'

| .Volatile solids in the digesting mixture will ihcreasa'ﬁo-a
level greater than 40 percent. Unless digestion is Combletely
inhibited and hd volatile solids reduction tékes piace; the
volatile solids conCenﬁraﬁion ih_the digested sludgé will

increase at a rate which is.pﬁobortional to the quantity of
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siudge fed each day until'the volatlle solids cqneentration in
the digested sludge 1s approximately 66.7 percent.
During the perlod when the‘volatile solilds concentration
in theedigested sludge 1s changlng, the formula for volatile
" solids reduction is not valid. For example, coneider,the‘i'
above dlgester in which the‘volatile'solids concentration in

the digested sludge has increased to 45 percent but is not yet
at equilibrium. ‘According to the formula:

80-45. 100 | 35 100 .
" rmpyCTION =[ 80(1-0.45)1! ST =790 peeent

Thus, fthe calculated, tolatile sollds reductlon exceeds the

- actual reduction (79.6 percent as compared to 50 percent
respectively). _' | |
If a digester is started with a dlgested sewage sludge
which has anlowef volatile solids concentration than the
equilibriunm volatile‘solids coneentration, the volatlle sollds
reductidns ealéu1ated'frdm the above formula will be greater
than the actual volatile solids reductions. For example,
suppose a digester 1s started with digested sewage sludge
having a volatile solids concentration of 30 percent._ Assume
‘a_voletile solide concentration in the faw'slﬁdge of 80'per-
cent and a volatile solids.reduction of 83.4 percent, At this
level of digestlon, the volatile solids concentration in the
- digesting sludge will 1hcrease ﬁﬁtil 1t 1s approximately 40
percent., Some intermediatentime when the volatile solids

 concentration in the digesting siudge 1s 35 percent the
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calculated volatile sollds reducticn would be:

| . 80-35 ius ' |
Vs = : 100 = 100 = 86,6 percent.
reduction ‘ [80(1—.35)] | 5 ] L

' The vclatilevsolide reducticn calculated from the formula
exceeds the actual reduction (86.6 percent as compared‘tc
83.4 percent) demonsfrating agaln that the:formulalis invalid

1f the volatile sollds concentration of the digesting sludge
.is not at equilibrium. '

If a digester,is started at e volabile sollds concentration
above the equilibrium level or alternatively, 1f the loeging'
rate to a digester 1s decreased such that the orgénisms in
the digesting sludge are able to destroy a greater percentage
of the volatile solids in the digesting sludge, then the
volatlle sollds reductions calculated from the above formula
will be less than the actual reductions. .For example, suppose
the initial volatile solids concentration in the digesting
sludge is 50 percent, the volatile solids concentration in the
feed sludge 1s 80,percent and ﬁhe actual volatile solids
~ reduction duﬁing digestion 1s 83.4 nercent. Eventqally; the
volatlle solids concentration in the digesting sludge will
'apnroach 40 percent. When tne volatlle solids . concentration
in the digesting sludge is 45 percent, the calculated iolatile

solids reduction is:

- 8045 ]y [35° ~ 79.6 pes
VS - 100 = 100 _ T79.6 percent
reduction [80(1-.45)_] &] R

The calculated volatile sollds reductilon (79.6 percent) is
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lower than the actual volatile sollds reduction of 83.4 per-
cent. | |

.In summary, 1f the above formula is used for calculating :
volatile eolids reductlions when unstable condltlons exist inﬂa”
digester with reéard to volatile solids concentration in the
digesting eiudge, the following conclusions. may be'stated:

1. Tﬁe calculated VOlatile solids reduction will be
greater fhah the actual volatlle solids reduction '
if the volatile sollds concentration in the digesting
sludge 1s increasing.

2. 'The calculated volatile sollds reduction wlll be
less than the actual volatile solids reduction if
the volatile sollds concentretion in the digesting

sludge is decreasing.
Volatile sollds reductions calculated when the digesters_
‘were“not in equilibrium; were. plotted in Figure 24 against the
corresponding detention time in each digeéter using averagee
gata from Table 5. Considering all of the plotted data, no
 definite trends codld be observed. The plotted deté shoWed

definite inconsistencles in the region of the 16 day detention

lThe digesters were not in equilibrium wlth regard to
~maintenance of a constant veclatlle sollds concentration in the

' digesting sludge. For thls reason, no attempt has been made in
the following discussion to present specific values of volatlle
- solids reduction as concluslons to thils portion of the study.

- Specific values of volatile sollds reduction are quoted only

to 1llustrate certaln trends.
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time for digesters 2, 3, 4, 5 and 6. Volatile solids reduc-
tions in dlgester 1 do not show a similaf Inconslistency. The
data qbtained'during Run 3 when a 16 day detention time existed
in digester 1 was'noﬁ Included in‘the compilation of Table 5‘

- since the gas production did not'appear stable. . The incon-
slstency In the gas prqduction'and in the volatlle reductions
shown in Figure 24 at the 16-day debentlon period appear to

be éue to a change in the characteristics of sludge fed to the
digesters over a cefbain time period. Referring to Tables 24
ahd 26 1% was observed<that‘é 16-20 day deténtion time occurreé
in all d’igesﬁers around the 38th to the 43rd day of operation
in Run 3 (Table 24), ahdAduriné'this period the volatile solids
reductions in all éigesters were abnormally low (Table.26). ‘
Barlier in this dilssertation (see experimental procedure) a
~raw sludgé collectlon problem”was discussed, The siudge'frém
-~ the Nevada, IoWa, sewage treatment plant was found at~times to
be partially digested., This occurred between the 38th and 43rd
days a§ showﬁ by the low volatile solids contents listed fér
the raw sludge'duringvthis.time period (Tablé 16)} Slnce thils
‘Sludge was partially digested before it was used as feed sludge
to the digesters, low volatile sollds reducﬁions could be :
,expecfed in the dlgesters because'the_more easilyfdigestible
'organic matérials have been digested previously. In view of
this, data during this perlod were ignored and new trends of
volatile soiids reduction‘ﬁersus detention time were plotted

" in Pigure 25, It was observed that in general, as the



Figure 24, Effect of detentlon time on volatile solidé
. reduction for digesters 1 through 6, Run 3

'Figure 25, Modified trends of.the effect of detention tilme
. on volatlle sollds reduction for digesters l
through 6, Run 3
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detentlion time increased, the volatlle solids reductionvalso
increased.

Inspection of the data showlng the volatile sollds con-~
centrations in the digesters (Table‘20) indicates that the
volatile sollds in digesters l';proughi6 generally decreased
‘during the first 8 deys of the run. As the_run continued
beyond 8 days, en increasing trend of volatile solids concen—
tration can;be observed, Referrihg ﬁo Table 24 showing ﬁhe
| detention times in the.digesters-duringiRun 3, the detention
time in ell digesters up to abcut 11 days is o&eﬁ-?? days.
Detention times of this length were not considered'in plotting'
Figuree 24‘énd 25. Thus, the only values of volatile solids
‘feducﬁion (Table 5) which were used to obtain the trends in
Figure 25 were calculated from those volatile solids concen-
trations in the digesters which were generally increasing.
According to the previous discussion regarding the error in
calculated volatile solids reductions, thils means that the.
lvaluesfof volatile solids reductlon recofded in Table 26 allv
exceed actual reductions, | |

Consider a digester in ﬁhich the volatile solids concen-
.treﬁion of the digesting sludge is increasing dde to an
increase in loading'fate. dSuppcse the equilibrium volatile
solids cOncentratlon were 40 percent before a loading rate
increase_and 60 perceht wlth the new loadlng rate; 1.é.; if
the volatile solids concentration of the feedvsludge is 80

percent and the actual volatile solids reduction in the feed

-
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sludge falls from 83.4 to 62,5 percent. The calculated vola-

tile solids reductions obtalned when ?arieus levels of volatile -

sollds exist 1n,the‘digest1ng sludge would be:

- Volatile solids concentration ‘Calculated volatile

in digesting sludge ~sollids reduction
}(percent) _ (percent)
40 83.4
50 ‘ 75.0
55 : 69,4
60 (Bquilibrium level) 62,5 (Actual)-_

- - . = ~

The aboVe calcuiatiens show that the closer the #olatileAsolids
'Coneentration 1n.the'digesting sludge approaches the equllib-
rium Velatile solidS}Concentration, the lese in error 1s the
calculated volatile solids reduction. Throughout Run 3, the
detentlon times of the sludge in the digesters were increased
at certain times (Table 22). The actual increase was suffi-
‘cient to cause a ehange inﬁthe rate of volatile sollids reduc-
tion such that there would be an 1ncrease in the equillbrium
level of volatile sollds in the digesting sludge. However,
the digesters were notealways operated long enough for the
equilibrium level to be reached before the detention time was
again increased. Changes in detention time or loading rate
were made when gas production became reiatively constant, and
not when the volatile solids levels in the digestens were at

equilibrium, During the early phases of the run the volatlle
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. solids concentration was at.the'equilibrium level at some time
in all the digeSters. This is indicated in Table 20, For

: example, the VOlatile solids ‘concentration in digester 2
‘decreased from 53.9 percent on day 2 to 48.3 percent on day 8
As the run continued beyond the 8th day, the volatile solids

- content 1n digester 2 increased indicating that at some time
betWeen the 2nd and-9th'days the volatile,solids.cqncentration
was at the equilibrium ievel. During the later phaees of |
Run 3 the'detentioh time of the'sludge in a digester was -
changed approximately-everj 10 days. The percent "turnover"
of the digesting sludge in a digester which took place between o
vchanges in detention time can be calculated., For example,

the following data for digester 3 were extracted from Table 24,

Days Number of? Average detention
- averaged , days time (days)
12-18 T 5420
19-28 10 3345
29-36 8 o 20.3
37-49 13 15.9
50-59 . i0 o S 11.4
60-66 T : - - 8.8
67-T4 ' - 8 _ Te3

An equatlon 1é presented 1n the Recommendations Which
 states that: | |

. §=100 (1-r™ |
Where S 1s the percent’turndver,qf the digester eontents in

the n days of operatlon between loading rate changes. .

8Number of days the digester was malintailned at the
speclified average detentlion time, -
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D= 1is the theoretiéal detention time for the
n days of operation - '

r = D-1

D
This equation and the above data were used to calculate S at

the different detention times.

Average Detention S

Time (days) T r 1-rP (percent)
54,0 0.981 0.874 0.126 12,6
33.5 0,970 0,738 = 0.262 26.2
20,3 ' 0,951 0.669 0,331 33.1
15.9 0,937  0.830  0.570  57.0
11.4 0.912 0.398 °~ 0,602 60,2

8.8 - 0,887 0.432 0,568 56,8
7.3 0.863 0.308 0.692 . 69.2

The percentage of the siudge_remaining”in digester 3'at the

end of n days which was there when the detention time was
changed inltlally was obtained by subtracting Slfrom 100 per-
'ceht. The‘peréentages of sludge remalning in dlgester 3.Wefe
plotted in Figure 26 against the associated detention times for
which they were determined, Figure 26 1ﬁdicétes that as the
average detention time’deéreaéed the percentage of the sludge
which was'present at.the start of a pérticular detenbioh'timé
and Which remalined iﬁ digester'3 at the end of the period for -
‘which that detention time Was‘operative deéreased; _Therefore,
as tﬁé detention ﬁimes in digestér 3 decreased, the volatile

. 8olids content of the digesting"sludge approached the eqﬁili-j
brium volatile solids cbnceﬁtration for a particular detention

time. With reference to a previcus discussion of the degree of



Figﬁre 26, Sludge remaining vin digester after n days as percent of sludge
. : at beginnling of n days versus average detentlon time
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error of calculaﬁéd volatlle solids reducﬁibns 1t may be con-
cluded that the error in calculated volatile solids reductions
- in this study decreaéed~as the detentlon time increased. Thus,
the use of calculated volatile solids reductions under non-
equilibrium conditions tends to nullify the trends‘Shéwn in
 Figure 25, o |

Gas productions calculated using volatile solids adééd_
to the digesters will be affected by changing volatilé sollids
concentration in the digesting sludge 1f the volatile solids
concentration is decreésing. In this case volatile solids
already in the aigester are being digested and converted to
gas thﬁs increasing calculated gas productions per 1lb of
volatile.solids added, If the volétile solids concenfration'ﬂ
i1s Increasing, as during‘the.major portion of this study, the.
gas'production per 1bv of volatile solids added.is not affected,
The volétile_solids which are not converted to gas accumulate
'in the digester and result in a gradual increase in.the
volatile solids level in the digesting siudgé. |

Figure 27 was constructed using data interpolated from
Figureé 22 and 25 and not from a&erage data taken directly from.
Table 5. The volatile solids reductions in the sludge of a :
- particular digester at specified detention times of 10, 20, 30
aﬁd 40 days were obtained from thé modified trend curves in
Figure 25, and the values were plotted in Figure 27 agalnst
}the solids concentraﬁion at the same detention times (Figure

22). Figure 27 indicates the qualitative effect of digester

~



"~ Pigure '27.‘ "Effect of digester sollds concentratlon on volatile solids
L reduction at detentlon times of 10, 20 and 30 days, Run 3
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solids‘concentretion on volatile solids reductlon at sludge
detention tines of 10, 20, 30 and 40 days. Maximum values of
'volatiletsolids reduction were expected at digeeter solids
concentrations of 3 to 5 percent, where the gas productions
-were a maximum. | |
The trends of the curves in Flgure 27 indicate that h
optimum digesting sollds concentratlions may exlst for maximum
volatile solids reductions. Maximum volatile solids re- |
ductionsland‘tne.aSSocieted;optimum sollds concentrations and
detention times are shown below. i

1

Optimum digester Detentilon Maximum volatile
solids concentration time sollds reduction
(percent) . : (days) - (percent) '

46 10 62,6

6-7 | 20 o T2.2

4-6 | 30 . 72,9

These results also iilﬁstrate the effect of detention time on
- volatile solidshrednction, i.e., the volatile solids reduction
1ncreases with-increase in detention time, According to a _

previous discussion of the parameters controlling digesti

it may be said that the volatile sollds reduction decreases. as

lAlthough speclfic values of volatile solids reductions
are presented here they may not be correct. The method of
calculating the volatile sollds reductlons was invalld under
the non equilibrium conditions which exls§ted in Run 3.
However, the trends shown by this table and Figure 27 may be
correct (see later in this section). ‘
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the loading rate increases,

| Figure 25 was affected by the changing volatile solids "
concentrations in the digesters as discussed previously.
Thus, Plgure 27 which was plotted from data obtalned from
Figure 25 was also'arfected by non-equllibrium conditions.

It wasIShown previously ln this sectlon that the trends shown
for each digester in Figurel25 are exaggerated. The effect
this would have in Figure 27 would be to.deorease'the differ-
‘ence between the_trends shown for eech detention time., For |
eXample, the trend shown for the 10 day detention time would
be at lower voletile solids reduetions ahd‘the trend'shown for
the 30 day detention time would be at st11l lower volatile
'éoiids redﬁctions.‘ The shape of the graphs should not change,
Theoretically, the maximum Volatile solids reductlon should
be observed at fhe optimum solids concentration for maxlmum
gas produotion. The results of ﬁhis study do ﬁot agree'With'
theory. Since the gas production data were not affected by
‘non-equilibrium conditlons of the volatile solids concen-
tration in the digesting sludge, the optimum solids concen-
tration observed for maximum volatile solids reductlon is
probably in error. The calculated volatile solids reductions
were affected by'changing volatile solids concentrations 1n
"tﬁe digesting sludge probably causing the optimum solids
concentration for maximum volatile sollds reduction to be
approximately 2'oercentihigher than was exoeoted.

Sawyer and Schmidt (152) reported data_which/agreed in

-~
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general with trends shown in this study. Their data and. that

obtained by other experimenters are summarized below.

' Volatile '
Sollds sollds Detentlon
concentratlions reduction time

(percent) (percent) (day) § - Reference
3.48 54, 8b 8 (152)
2,22 56. o 11 (152)
3.9° 58,3P 14 (152)
4,9 66 32 %1683
3.7 61 ‘ 22 ‘168 .
8.66 62,1 T $116g
T7.38 48.9 ) 10 116

The data of Sawyer and Schmldt (152) showed trénds towards
optimum digester_solids concentratiohs for maximum volatilé
 solids reductions., The optimum'solids.concentrationsvdetermined
in thelr work (2-4%) were lower than the values obtalned in
thlis study. However, the maximum solids concentration used by
Sawyer ahd Schmidt was in the region of the optimum sollds
concentration for maximum gas prbduction determined ln this
study. .In general,’the results shown by other workers for
" maximum volatile solids deStruction are lower than the values |
shown here, A previous discﬁssion explained that the values‘of

volatile éolids reduction reported in this dlssertatlon would

aAppérent optimum for maximum volatile solids reduction.

PMaximum volatile solids reduction.

o el £ A -
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exceed the actual volatile solids reduction. Sawyer and

Schmidt's data confirm the trend of Figure 25, i.e., as the

'detention-time Increases the volatile solids reduction also

increases.

Summarizing the foregOing discussion on volatile solids

1.

5,

'reduction in this dissertation, it may be concluded that-

To obtain an accurate measure of the volatile solids
reductions in a digester the volatile solids in the
digester must be at an eqnilibrium.leyel.

If the volatile solids concentratlon in the
digesters 1s increasing, the calculated volatlle
sollds reductions-will exceed the:actual volatlle
solids reductions. |

If the volatile- solids concentrations in the
digesters ls decreasing the calculated volatile
solids-reductions will be less than the actual

volatile solids reductions.

. Volatile solids reductions increase as the detention

time increases from 10 to 30 days.

Optimum solids concentrations should exist between 3
and 5 percent for maximum volatile~solids reductions
at detention times of 10, 20 and 30 days. Actual

optimum solids concentrations for'maximum volatile

~solids reductions ‘observed inlthis study were between

‘,5 and T percent.

Another aspect of volatile solids reduction Whivh MLSt be
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considered in the digestion of sewage eludge is the disposal
of the sludge after digeetion. In'general,.the higher the
volatile sollids reduetion during'digestion-the better are the
dewatering qualities of the digested/31udge.‘ Schlenz (153b)
found that the volatile sollids reduction necessary during
digestion to produce a dlgested sludge which would show satls-

factory dewatering eheraeteristics could be related to_the‘

'_ volatile solilds eontent of the raw sludge (Figure 27a).

Extreme valueseof volatile solids concentrations in the raw
sludge (Table 16) and the assoclated volatile sollds reductions
(Table 26) obtaiﬁed in this study, are also plotted in Figure
28a. According to the line drawn to represent the-data .
pfesented by Schlenz, the dlgested sludges obtained in thils
study were not considered to be digested in most cases, Thesee
results.wefe_expected canidering the Short.detentioh times,'
the high volatile.solids loeding rates and the single stage

' system geed in this study. The data which the}lineArepresents
were taken from the'operatioﬁ data of digesters operating at
a'conventional rate, Much of the data cahe_from multiestaée.
digestlon systems., The_data rrom‘other workers are also
'plotted in Figure 28a., Again only extreme values were plotted.
In general, although mostlef ﬁhe reported daﬁa'were obtained
with higher,volatile solids eoncentrations in thelraw.sludge,
they compare with the data obtained in this study. The effect
of non-equiiibrium cenditione in this studj was to 1ncrease-

the. calculated volatile solids reductions. Allowing for



' Figure 28a. Volatile matter in raw sludge versus reductlon

in volatlle matter -

‘Symbol Reference

Run 3 ‘

Torpey £168 169)
‘Morgan (116

Sawyer and Schmidt (152)
Sawyer and Roy (151)
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Figure 28b. Effect of solids concentration on sludge density
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reductions above the actual volatile solids this ervor will
bring the data obtained in this study, at the hlgher raw sludge
volatile solids concentrations, closer to the reported data.

The data obtained in this study at lower raw sludge volatile
SOlids concentrations Indicates lower volatile solids reductions
‘than the data plotted for Morgan (116). Morgan (points 2)
observed acceptable dewatering characteristics of the digested

sludges obtained from his experiments.

C. Gas Quality

The quality.of the gas produced during digestion in-Run 3
is summarized in Table 30. The'average composition of the gas
produced in each digester throughout the run was obtained by
faklng the average of ‘the data listed in Table 30 for each
digester.~ The average gas compositions in digesters 1 through
6 are reported in Table 7. Average sollds concentrations were
determined from the data in Table 18 in a similar manner and
they are also feported in Table 7. Table 7 1ndicates that the
highest'quality gas, 67.9.percent methane, was obtained from
digesting sludge having an averagevsolids concentration of 5f8.
percent. The gas quality appeared to‘be’highest in the range
of solids conCentrations of 5.8 to 7. 4vpercent at which concen-
trations the methane content was 67.9 o 67 7 percent respect-
z'ively., Outside of this solids concentration range the gas
quality decreased. Included in Table 7 1s the average composi—
- tlon of the gas produced l1ln the digestion studies conducted by
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Torpey (168). The quality of the gases in this Study and in"

Torpey's study compare favorably. The methane contents are

| _slightly higher in this study but these may be due to differ-

ent methods of analysis or the assumptlon made 1n this study

that only carbon dioxide,and'methane were present.

Table'T. 'Average_compositien of gas produced, Run 3

Digester  Average solids? | Gas compositionb
. or - . concentration _

Reference (percent) ~ Percent CHy Percent COp
1 1.9 - 65.4 4 34.6
2 3.5 63.8 A 35.2
3 - 5.8 67.9 32.1
. B O
5 10.6 63.3 36.7

Torpey (168) - 62-64  38-36

@Fpom Table 18.

Pissuming the only gases present in the digesters are

‘methane and carbon dloxlde. There will be other gases

present but the total quantity will be small, i.e., less
than 5 percent. _

- Data from Tables 22, 24 and 36 were analyzed to determine

- the effect of detention time and volatile 'solids loading rate

an gas: quality. For example, the values shown below are the

average values fof the dayslindicated. No definlite trends
could be observed with regard to the effect of detention time

on'gas quality‘when-the loading rate was approximately 10 x

-2

10"° 1b volatile solids added per cu ft per day. An lncrease
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in detention time from 33.7 days to 57.1 days in digesters 3
through 6'caused a decrease l1n gas quality from 70.2 percent
" methane to 60.7 percent methane. Similar results were

obtained at other loading rates.

3 Detention Gas quallty

Days Loading
Digester Averaged rate time (days) (percent CHy)

1 61,63 9.3 8.8  67.h
2 30,32,35 - 11.2 20.7 66,6
3 19,24,27  10.5 33.7 | 70.2
4 19,24,27 12,2 33.9 68.7
5 13,14,15 ' '
. 16,19,24 9.2. 53.9 65.1
6 13,14,15 | o

16,19,24 11.3 - 57.1 60.7

The effect of the volatile solids loading rate was
deterﬁined wilth data of'wh;éh,the following are typical. The
data were agaln extracted from Tables 22, 24 and 30 aﬁd. '
averaged for bhe_daYs mentioned. These particular data refer
to digester.B. No definite trend could}bé'observed té depict
the effect of loading rate on gas'qua;ity., An optimum gas
qua;ity may ekiét at abduf a detention time of'40 days and a °

2

loading rate of 13.2 x 10™° 1b volatile solids added per cu

ft per day but the data are not conclusive. Similar results

1o volatile solids added per cu ft per day x 1072,
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‘were obtalned with digesters 1, 2, 3, 4 and 6.

Days Detention Loading1 "Gas quallty
Averaged " time (days) . rate percent CHy -
13,14,15 IR ! |
16,19,24 53.9 9.2 65.1
Cer B.5 13.2 71.8
30,32,35 26,4 20,8 64,6

49 6.0 30.4 66.1

. 56,61,63 . 11.3 47.8 - 62.9
66,68 13.3 45,3  63.1

The conclusions regarding.gas~quality reached'in thils
study are: | }. |
1. A maximum average gas quality of 67.9 percent
methane_was obtained.at an average solids
| 'concentration of 5.8 percent,
2. Loading rate and detention time had no.
-significant effect on gas quallty.- |
Conclusion 2 was not an expected result of this study and it
contradicts the effects of 1oading rate and detention time on
gas quality reported in the literature. The literatnre
indicates that gas quallty decreases as the detention time

decreases and the loading rate 1ncreases. The reason for the

decrease in gas quality is indicated'by_the appearance.of

lip volatile solids added per cu ft per day x 10°2,

T b e A F
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* proplonic acid, and possibly longer carbon chain volatile
aclds, in ‘digesting~sludge when digestion approaches fallure
due to high loading rates or. low detention times. The |
composition of.the gas produced from the metabolism‘of propi-
onic,acid_nas beenvreported"(162) as containing seven moles
of methane to one mole of carbonhdioxide.' Longer chain
volatile aclds also produce a gas richer'in~methane than
carbon dioxide'when they are metabolised. Acetic acid which
‘1s the most common volatile acld intermediate. in digestion |
is blologically decomposed %o a'gas'containing 50 percenti
:methane and 50 percent carbon dioxide. Acetic acid can
normally be identifled in digesting sludge at any stage of
digestion. It appears that the microorganisms‘which metabo-
lize propionic acid are affected by adverse environmental

| condltions to a greater extent than the organisms which
'metabolize acetic acid. If this 1s the case, as digestion
apprcaches fallure there will be a greater reductlion in the
rate of decomposition of proplonic acid compared to acetic
-acid.and'the methane content of the digester gasvwill decrease.
Another possible‘reason forJthe increase in the carbon di-
oxlde content and the‘decrease in the'methane content of the
digester gas is the. inhibition of the gasification stage of

g digestionnbut not the iiquefaction stage. In the 1ique-v
faction stage some carbon»dioxide'is producedlin'decarpoxyla-
tion reactions. Methane is only formed in the-gasification

stage. Thus, inhibition of the gasification stage would
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'ténd.to increase thé percentage of:carbqn dioxide in the
digester gas. | | |

The explanation of conclusion 2 may depend upon the solu-
bility of carbon dioxide in the digesting sludge. As the
- detention time decreased and the 1oading rate 1ncreased |
higheﬁ alkalinities_were observed 1in the digesting slu§ge.
Thus more carbon dloxide would be combined in chemical com-
pounds such as carbonates and bicafbonatés in the digesting
sludge at high alkalinities. This may have prevented the
_carbon dioxide content of the digester gas increasing signifi-

cantly.

D. Volatile Aclds

The level of the volatile aclds in the digesting sludges
Adufing Run 3 are shown in Table 32. A typlcal blot,of this
data,is'shpwn‘ih Figure 18 for digester 2. At first, a
" high level of volatile acids, approximately 806 mg/l, wWas
observed in the digesting sludge, probably due to the un-
stable_conditiohé experlienced when starting up the digesters.
The level decreased aé the run progressed unt1l about 20 days
after £illing the digesters a mean coneentratibn“of about
'.200-250ﬁmg/1 of volatile aclds appeéred to be attailned. The
VOlatile aéids eoncéntration varied'widely after the 20th  |
day, but.the'Variations about thé mean concentration appeared

"to be equal. Towards the end of the run the volatile acids
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“concentration increased toc 650 mg/l in
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gested that digestlon was falllng.

‘A similar pattern of variation of volatile acids con-

,centration was noticed in digesters 1, 3, 4 and 5. Digester

6 differed from this pattern. The initial high"levei_of
volatiie aclds did not decreaseAappreciably as the run |
progressed. The voletile aclds concentrationvat the beginning
of Run‘3, during the period when 1t appeard that equilibriumg
values were reached, and at the end of Run 3 are shown in
Table 8, Table 8‘shows that as the sollds concentration
increased in the digesters the equilibrium level of volatiie
aclds elso increased Except for digester 4, the volatile |
acids concentration during periods when the digestion ap-

proached fallure at the end of the run also increased with

sollds concentration. An interesting'feature regarding the

production of»volatile acids was noticed in the results from
digester 6. Volatile acids concentrations as high as 5,000
mg/1 did not cause the complete inhibition of the acid forming
organisms., Schulze . (157) obtalned volatlle acid concentra-
tions as high as 55,000 mg/l when digesting sludge with a

- 50 percent solids concentration. The ability of the acld

forming organisms to functlon at such high-acld concentra-

tions is discussed under the sectlon on recommendations.
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Table 8. Volatile aclids concentration in digesting siﬁdge,a

Run 3
Digester
Day . 1 2 3 4 5 6
Average solids .
concentration . _— :

- (percent) 1.9 3.5 5.8 T4 9.0  10.6
Day 6 590 830 2020 3450 2800 2690
‘Equilibrium valuel20 = 250 420 450 500 2500

Day 66 280 630 1080 450 4870 5680

%mg/1 as acetic acid.

The‘volatile'adids concentration in the digesting sludge .
in digester 4 did not show that fallure of digestion was
‘about to occur. Although the gas production data did 1nd1-b.
cate imminent failure offdigestion 1t might have been
pqss;blé to ilncrease the.loading rate to a higher level
without fallure. ‘ | |

From these results 1% can be concluded‘that'as the SQI;ds
cohceﬁtratiqn 1n¢reases the equilibrium volatilé acids”level

‘also increases.

'~ E. Individual Volatile Acids
'The individusl volatile acids observed in the digesters
at various times throughout the study are{iisﬁed in Table 9.
| Shortly after startinginun 3, all of the digesﬁers ékcept
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Table 9.  Volatile acids invdigesting'sludge; Run 2

Digester -
Day. :
1 2 3 4 5 6
5 Acetic - Acetic . Acetic Formic - Acetic Acetic
Propionic Propionic Propionic - Propionic Propionic Propionic
Butyric Butyric Butyric Butyric Butyric
Valeric Valeric = Valeric Valeric Valeric
6 Acetic Acetic Acetic Acetic ‘PrOPiQnié Acetic or
Propionic Propionic Propionic Propionic Butyric Propionic.
or - or or or , :
Butyric Butyric Butyric Butyric Butyric or
‘ Valeric
a ‘
19 - - -~ - Acetic 2 uniden- 1 uniden- Valeric
‘ Butyric tified tified Butyric
' ' Valeric Valeric Acetic
Butyric Butyric
Acetic Acetic
29. - = - - - - - - - - Acetic .
Propionic
Butyric
Valeric
.60 = - - - -~ - Acetic Acetic .Valeric
' Propionic Propionic Butyric
' Propionic
Acetic
66 Acetic - Acetic Acetic Acetic Valeric Valeric
Propionic Propionic Propionic Propionic Butyric Butyric
' ‘ Propionic Propionic
Acetic Acetic

a
No acids identified.

Acid
Formic
Acetic
Propionic
Butyric

Iso-butyric

Valeric

L v i G AR A
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digester 1 ccntained acetic, proplonic, butyric and valeric
aclilds in meaaurable quantities. -Digester.l contained_only
acetic acid and propionic acld. According to Buswell et al.
(19), the ability to identify a volatile acid depends on the
concentration of the acid present. A low solids content
': was mailntained in_dlgester 1 and the resnlting dllution of

~volatile acids-produced during digeetion may explain the
absence‘of butyric'and,taleric acids. The results agree
with similar data reported in the literature which indi-
cates that during unstable digestion, i.e., when starting
the digestion process, the acids mentioned ahove are present.
The reéults‘of other studles ‘also indicate'that as alkallne
a_igeseion becomes' established, propilonic acid tends to |
disappear. This occurred with all digesters by the 19th
day.'.As the'loading'rates were increaSed, propionic aeld
began to reappear in the digesters until on the 66th day
propionic acid was identified in all the digesters. Acetic
acld was identified in the digesters whenever volatile aclds
could be identified, thus confirming the general belief that )
acid is the most important volatile acid intermediate in
.sludge digestion. Although digestion in digesters b, 5.
and 6 appeared to be operating in a stable condition with

regard to gas production, butyric and valeric aclds were
i frequently ldentified in the sludge from these digesters
throughout the run. The data of Liubimov and Kagan (98)

indicate that butyric and valeric acids are not present in
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digesting sludge 1in a stable digestion process, The presence
of butyric and valeric aclds 1in the digesting sludge willl be
governed by the efficiency of’ the gas producing organisms,
However, normal uniform gas productions were obtained from
digesting sludge when these aclids were present indicating
that-the gas producing organisms were not inhibited in their"l
presence. The results obtained here disagree with the results
of Liubimov and Kagan. A definite statement cannot"be nade
with regard to which results are correct because the apparatus.
'used in this study to identify VOlatile acids was not very

sensitive.

F. Loading Rate |

All digesters were loaded until a breakdown in the
anaerobic digestion'process was imminent. The point of |
breakdown was not rigidly defined, It Was taken as the load-
ing rate at which the gas production'decreased and continued
to decrease even though the loading rate was held cOnstant.
| Other indicators were used to indlcate that a breakdown had
| occurred., With the loading rate held constant, a continuous
increase 1in volatile acilds, a large increase in the specific
reslstance of the digesting sludge, a decrease in the vola-
tile solids reduction~and a decrease 1in gas quallty were
among the indlicators used., Every indicator did not'describe
the onset of digester failure in each digester.

An egu ti01 can be derlved relating the rate of loading
egu ‘ : £
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a digestef wlth thewdetention_time in the digester and the
solids cencentration in the feed sludge'to the digester,

Suppose: L = loading rate (1lb volatile sollds
added per cu ft per day) -

D = detention time (days)

T-——total sollds concentratlon In the
feed sludge (percent)

V = volatlle solids concentration in -
the feed sludge (percent)

A= volume of digester (cu ft)
Then, the welght of total sollds added per day to a digester:
is given by: | -

(L)(a)
(V)

‘Hence, the weight of sludge added is:

(L)(A) x 10" 1b.
(v)(T)

Assuming a sludge density equal or close to that of

100 1b.

waterl, the volume of sludge added is:

-
@ 10t

(v)(T)(62.4)

1The variation in sludge density wlth sollds concentra-~
tion 1s small., Figure 28b 1s a plot of sludge denslty versus
solids concentration for the sludges used In Run 2., It can
be seen that as the sollds concentratlon lncreases from 0 to
12 percent the sludge density lncreased from 62.4 1b per cu
ft to 65.5 1b per cu ft. The change in density will vary
with the characteristics of the solids studled but for
domestlic sewage sludge the author belleves that the variation
will be small.
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The detention time of the solids in the digester, assuming )
complete mixing, is given by-

o) @aWE ,, g
lO 10 - -
(L)( ) (v)(T)(62. 4) (L) o

-~ e

If three of the four values involved are substituted in the
foregoing equation and the fourth value calculated, a stralght
line’plot of the results will be obtained on log-log graph
'paper. Probably the simplesteway to ﬁSe the above equation

would be to consider the volatlle solids content as a con-

stant.‘
log D = log 62.4 + log V- 4,0 + log T-log L (2)
or log D = K + log T-log L | (3)

where K = log 62.4 + leg V — 4.0,

_ EQuatiqﬁ'3 is valid only when using the concentration of
total and volatile selids.in'the feed sludge. A more informa-
tive form.of'Equetion 3 could be to have the solids expressed
1nvterms_ef the_selids concehtration In the digeetlng sludge.
This would more'nearly represent the\aetual enviroﬁﬁent
 inside the digester. Accordingly, a graph of total solids
concentratlon times voletile solids concentration ln_the feed .
sludge was‘plotted vefsus the total solids concehtration times
volatile solids concentration in the digesting sludge (Figure

20). The data was obtained from Tables 14, 16, 18 and 20,
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A straight line relationship between the two was obtained.,
If the total and volatile solids concentration of the digest-
'ing sludge can be represented by,Tl-and.V1 respectively,
Figure 20 shows that: o |
(M) = (T 1) (V1) (2.775).
Substitﬁting this relationship in Equation 2
log D = log 62.4 + log 1.775 + log \ 4.0
| +1log T, - log L |
or logD=K +logT -logL - (%)
where K= log 62.4 4 log 1.775 +log V3 — 4.0.
Thevvaluee for detention time, total solids concentration
in the digester and loading rates used in Run 3 were plotted
1n~Figure 29.' The conditions prevailing when the digesters
became sour are indicated. It will be noticed in Figure 29
that the minimum detention time achieved with good digestion
in any digester was approximately 8.8 days.
The value ‘obtained from Figure 19 relating the total
solids in the feed sludge to the total solids in the digest~
'ring eludge was used in conJunction with'the sinilar Value
obtained:from Figure 20 to determine the relatlonshlp between
the volatile solids in the feed sludge to the'volatile solids
in the digesting sludge, 1.e. | |
(BE) = (1) (V) A.T75)
and T =Ty (1.23).
Hence, V =V, (1.44), B A - (5)



Figure 29. Loadlng rate versus detenﬁion time for
o ~ digesters 1 through 6, Run 3 ‘

S  Theoretical lines
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'Assuming a volatlle solids concentration of 72.0 percent in

. the raﬁ sludge, the volatile solids concentration in the
digeéting sludge as calculated from Equation 5 would be 50.0
percent. - Thils fepresents appfoximéfély a 61.1 percent
reduction in yolatile sollds. Uslng a value of 50,0 percent
volatile solids 1in fhe digestihg sludge, Valﬁes for deten- .
tion time and loading rate were substituted_in Equation 4
and linés:were drawn for various solids concentrationslin |
Flgure 29. The calculated polnts closeiy approximated the
éoints obta1hed'in the experiments thus;tending to brove |
the valldlty of the derived equatlons. The slopes of the

' caléulated and experimentally determined lihes differ only
slightly. = The error was'probabiy due to the volatile solids
Apontentgof the digésting sludge‘not-being 50.0 percént as
assumed., | | - -

The maxlmum loéding'rate achié#ed»in a digester without
'.failﬁfé-was'plotted aéainstjthe solids concentration main-
tained in the digester (Figure 30). The curve obtained rose
steéply<at the,ldWer sdiidé concentrations. As the. solids
COncentration-incréased, the slope of the curve decreaséd.
The maximum loading rates achleved 1n'Run,2.were also plotted
in Figure 30. These values agreéd with thé‘values obtained
in Run 3. The maximum loading rates achleved by other .
expefimentefs cbmpared favorably wilth fésﬁlts obtalned in
this study. Figure 30 1nd1cates‘that'loading.rates of a

digaster.cannét be increased indefinitely by increasing the



 Figure 30. Maximum loading rates .

Sumbol Reference
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Sawyer and Schmidt (152)
Sawyer and Roy (151)
Morgan (ll )




190

12

T B L | I N
4 5 6 7. 8 9 10 1

1
3
~ DIGESTER SOLIDS CONCENTRATION

_ L I L ] .,0_
Q 0 < 2} N = o

:,<o\._.u Nnd/03aav sailos m..:._.<|_o> mu_v
m._.<m ONIavo S_Ds__x<s_

(PER CENT)



191'

solids concentration. As the solids concentration 1s in-
creased, the corresponding abllity to lncrease loading 1is
deCreased; There arevseveral reasons for supposing a maxiﬁ.
mum loadlng rate will be achieved. Some of.them are:
Inadequate mixing will result as the solids,content‘isf:
increased due to the increase in viscosityrof,the"sludge;
: ammonia-nitrogen toxiclty in thlckened sludges as dlscussed
‘by Albertson (2); 1inability of the organisms to circulate
- freely in the sludge which would prevent the organisms coming
 1nto conbact with new food and also keep them in the local-
ized concentration of thelr own end products; physlcal
problems in maintaining and feeding plant scale digesters
with very high solids concentrations. _

| In a situation where the solids concentration is not
the limiting factor which determines the extentito which a
digester can be loaded, the detention time may become the
‘limiting_factor. ' The minimum detention time at which a
'completely mixed anaerotic'digeSter can operate is;directly‘
| related to the average generation time of the gas. forming
bacteria in the digesting sludge. If the detention time of
the digestinglsludge in a dlgester 1is low, a large.proportion

of'the digesting sludge 1s replaced at each'feeding., Thus,
a large proportion of the gas forming bacteria in the digest-

ing sludge are also removed from the digester at each feeding.

The minimum detention time- at which a digester can operate

is reached when the rate of removal of the gas produclng
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bacteria is equal to thelr rate of reproductiqn. For
example, suppose a minimum detention time.D, of the digest-
ing sludge 1n a digester is achleved withoﬁt ceusing ‘
" digestion failure. Under this condition, the gas forming
bacteria must be reproducing at the same rate at which they
'A‘are being removed 1ln the digesting sludge. Consider a
‘digester of uhithOlume whieh is‘fed once a daj and from
which -sludge is withdrawn.immediately'before feeding. If
the quantity of sludge in the digester is to remain con-
stant from day to day, the volume of raw sludge fed to the
digester eech day must be equal to the volume of sludge
withdraﬁn from the digester‘each day, l.e., ignoring the
.amount of volatile sollids which 1s converted to gas. This
ampunt, relative to the duantity of’sludge wlthdrawn at low
detention tihes, is negligible. If the total number of gas
- forming bacteria uniformly distributed in the digesting |
sludge 1s equal to N then the number of bacteria withdrawn
in the digesting sludge at each feeding 1is LB(i/D). The
‘number of bacteria remaininguin the digester is ﬁé -

QB (1/D). For digestion to continue without feilure,‘the
bacterié muét replace those 103t.ih the withdrawn sludge ‘
,before the digester is fed again. Thus, the number of bac-

teria which have to be replaced in one day is equal to

g (1/D).

The number of bacteria, which reproduce by binary

,fissien, resulting from reproduction may bé formulated as:
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b # c°2n _
where @fis the number of bacteria resulting from an
inoculum c éfter n géneratibns. In_the fofegoing'example,.
b=1Np | | o
¢c=Ns-N (D) - -
and n =the numbéer of generations in one day which

are necessary for the bacteria to replace
the bacteria lost in the withdrawn sludge.

Hence, o
Ng =[NB' - §(1/p] 27

or D —on
D-1

In this study, a minimum detention time of 8.8 days was

achieved without digestion failure.

Thus, |
; 8.8 = on
T.8
and ,
n= 0.174.

- If in one day there Weré 0.174 generations the generation
time of the organlsms must be S 75 days. This means that the
‘average generation time of the gas producing bacteria in the
‘,above case must be 1ess ‘than 5.75 days or ‘the digestion would
fail simply by removal of the gas4producing bacteria. If the
a#erage generation time wéé 1oﬁger:the minimumzdetentioh time
of 8.8 days could rot have been achileved. In this study,
digestion falled when the detention time was T.3 da&s. In
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this cése,'
1.3 =20
6.3
‘n= 0.213

and.the genefation'time-would ve 4.69 days.. Since digestion
c falled, it appears‘that'ﬁhe'average gencraﬁicn»timc was not
sufficiént,to keep up the level of gas producing organisms
and conscquently was greater than 4.69 days. .These results
may indicate an acpual generation time greater than 4.69
 days but‘iess than 5.75 days. | | - |

Generation~time dépends‘on many factors such as temper-

ature and the characteristics of the sludge; Thus, the
average generation time of‘the gas forming'bacberia applies
only tO'thié.StﬁdY and the particular conditions undcr

which 1t was conducted. However, many reports in the litera-
tﬁré indicate that the minlmum detention‘ﬁime'achieved wlth
good digestion is appfoximately»B days. It, therefore,
appears likely that the average generation time of the gas
forming organisms ln high rate s1udgé dlgestion 1s 1n the
region of 5 days. ' o o

'Intconclucioh'ﬁhe following results were observed:

1.; A‘minimum'detcntion time of 8;8=days wcs obtained
in this study without digestion,féilure. The "
calcﬁlated average_generation time of  the gas

_fcfming‘organisms at this'detenﬁion‘time was in

'_xthe region of 5 days.
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2, It abpears that'as the dlgester sollds cohcentra-
tion increases the allowable lbading rate to the
| digester also incfeases wlthout digestion failure.
The results showed that a maximum loadlng rate
'1s 1likely to be obtalned because of limiting
factors such as detention time and efficiency of
mixihg. |
3. The maximum loading rate aéhievedlin thils study,
v'ﬁithout:digestion fallure, waé apbroximately
0.56 1b volatile solids added per day per cu
£t of digestion capacity. |

G. Alkalinity and pH | :

Data showing the pH ahd alkalinity levels in the digest-
ing SIudges are presentéd in Tablés.33 and 34, The data in
Tables 22, 24, and 33 1ndicate that there was a general |
"decrease in the pH of the digesting sludges as the 1oad1ng
rates to the digesters were 1ncreased and the detenﬂion
times were decreased. In Table'éa,jthe 1o§dihg rateftp
digester 2 ié shown to increase from 2.5 x 10_"2 to 29.5 x

1072

1b volatlile solids added per cu ft per day from day 11
to day 70.” Over the same period of time the.pH of the‘digest-
ing sludge in digester 2 (Table 33) decreases from 7.80 to ‘
6.65. Table 24 indlcates “that the detention time decreased
from 81 daysvon the 11th day’ to;7.2_days on,the T0th day. -

The pH of the sludges in digesters 5 and 6 (Table 33) appeared

~ -
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to be less in most cases than the'pH of thelsludges in the
other dlgesters on the same.day; On the T0th day, theApH of
~the sludges indicated the onset of'SOur'conditions in all of
the digesters exceptidigester , The results. obtained-by
Sawyer and Schmidt (152) which showed that pH 1lncreased with
‘solids concentration did not agree with the findings in this
study. However, the maxlmum sollds concentration (5.2 percent)
.they used in their'study was not as hlgh as the solids con- )
centrations used in thisvstudy. Sawyer and Schmldt noticed
a decrease in pH as the detention time decreased. |

The alkalinity of the digesting sludge Increased as the
sollds concentration‘increased and as the detention time
.qecreased; Table 10 which was obtained by selecting the
_ values of»solids concentration and alkalinlity for a typical
day from Tables 18 and 35 shows the increase in alkalinity
with solids concentrations. .Table°ll was obtained by
"extractingvvalues of detentlon time and alkalinity for a
typical digester from Tables 24 and 35. This table shows the
increase of alkalinity with decrease in detention time.
Sawyer and Schmidt (152) observed an lncrease in alkalinity
wlth solids concentration but when the detention time was
decreased they observed a decrease in alkalinity. Albertson
(2) reported that digesters could be operated at higher vola-
tile acids levels when high alkalinities were maintained in
the sludge. This abllity was also observed in this study

with digester 6
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Table 10. Alkalinity and solids concentration on day 6k,

Run 3
Digester  Solids concentration®  Alkalinity”
1 1.83 1500
2 3.56 2900
3 5.50 4 3800
4 7.19 5100
) 9.78 6900
6 11.16 8000
®percent.

PNg/1 as CaCos.

Table 11. Alkalinity and detentlon time of digester 3,

Run 3
Day  Detention time?  AlkalinityP
19 : 30.4 2930
26 348 | 13300
53 C 1. 3400
64 8.9 3800
aDayé.

ng/l as Caco3.
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H. Sludge Dewatering
Three'determinationsfof specific resistance were made,
of the sludge‘from“each digester‘during Run 3. The results
of the determinations are shown in Table 12, Also included
in the table are specific resistances observed for raw
sludge from the Ames and Nevada sewage treatment plants,
and’ Ames digested sludge.'

'Table 12, Speclfic resistancea,of digesting sludge and raw
- sludge, Run 3

Digester
Day 1 e 3. 405 6

26 2.7 15.2  13.8 . 124 12,9 15.8
ST 154 147 143 149 31.6  57.1
T4 26,9 19.6 151 20.6  19.9  29.h
" Ames raw sluage 1042 | ‘ '

Nevada raw sludge 6.9
Ames digested sludge 6.2

asec? per 1b mass x 1012,

_ Practical experience has'shown'that digested sludge is
easler to deWater than raw sludge. Thus, the specific re-
sistance of sludge Should'decrease as digestion continues,
The'resultsdof.Specific resistance determinations of Ames and
| ﬁevadatraw sludges and Anes digested sludge agree with this
' Suppositipn (Tabie 12). A 1ot specific reSistanpe for the

- -~
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Nevada raw sludge was obtained but this can be explained if

the operation of the Nevada sewage treatment plant 1s con-

sidered., The removal of sludge from the primary tank to the
digester at the Nevada plant 1s accomplished for one minute

every thirty minutes by the operation of a positive dis-

placement pump, activated by a time clock. All of the sludge

. 1s not remsved from the tank and it is possible for sludge

to remain in the tank for several days. In warm weather,

partial digestion of the sludge'will occur and the author |
believes that the sample collected for the dewatering test
was collected under these conditions. |

Specific resistances of the dlgesting sludges shown inf
Table 12 were plotted in Figure 31 against corresponding
loading rates (Table 22), ‘The trend of the data plotted in

Figure 31 indicated that the specific resistance of digesting

sludge increased as the loading rate increased. For example,
as the loading rate increased from 0.1 to 0.5 1b volatile
solids added'per cu £t per day theISpecific resistance of

4 the'digesting sludge increased from 15 to 19 sec2 per 1b

mass x 10%2, -The_increase was small lndicating that in the

" range mentioned a change in loading rate has little effect

on specific‘resistance. There was some scatter to the data
which will be discussed later in this section.

The effect of detention time on the specific resistance

“of digesting sludge was determined from Flgure 32, Figure

32_was plotted using specific resistance data from Table 12



Flgure 31.f Effect of loading raté on specific resistance,

Run 3
Symbol
° Ames raw sludge
.8 Nevada raw sludge
° Run 3 '

Figure 32, Effect of detention time on specific reslstance

for digesters 1 through 6, Run 3

Figure'33. Effect of solids concentration on specific

reslstance at detentlon times of 10, 20 and
30 days, Run 3

ngbol

. 10 day detention time
o 20 day detentlion time
A 30 day detentlon time.
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and .the assbciated.detention times which were obtailned from
Table 24, Anﬂinéréase in specific reslstance was observed
with the slﬁdges in all thé digesters as the detentlon time-
}decreased. Thé‘speéific resistances of the sludges 1n di- |
 gesters 5 and 6 deviated from the behaviour oflthe sludges in
the'other digesters, As the detentlon time’decreased‘the |
speéific resistance of theée sludges Increased rapidly uﬁtil

maximum values of approximately 32.0 and 57.0 Sec2

per 1b

mass x 1012 were reached for digesters 5 and 6'réspectiveiy

at a detentioh time of liQ3-déys. As the detention time was
decreased below 1ll.3 days a rapid‘decréase in specific re-
sistance of the sludges 1h.both,digeéters.was‘noticed; The
scatﬁer‘of data in Flgure 31 wés mentioned‘previdusly, Three
‘1solated péints showing high specific résistahce were obsérved
‘between loading rates of 0.4 to 0.7 1b volatile solids added
per cu ft per day. If a line were drawn through the three
1501ated pgigts a trend would bé.indicated whiCh w6u1d4agree'
N with the trend shown,ih Figure 32, In Pigure 31 the frend of
the line»indicates'that as the,ldéding rate 1ncreaées the

- speclflc reslistance reaches a maxiﬁum»énd‘then decreases
rapidly, 'At4the'high13pecifib_resistance ievels,'which'appear '
to 'bé_ immediately p_rior-tb 'dige'stiqri faiiure, the sludge would
be_relatively.difficult to dewater, Ab@ve a loading rate of
0.5 1b Volatile.solids‘added‘per cu £t pérlday in‘Figure 31
- and below'a'detention time of 11.3 days in Fiéure 32, the |



203 "

abllity to dewater the sludge increased rapidly as indicated
bynthe decrease in specific resistance.. Figure 29 shows that
digesters 5 and 6 were sour at these conditions. The con-
clusion which may be drawn from the foregoing discussion 1s
that the sour sludge 1n thls study was easler to dewater than
sludge undergoing alkaline digestion but close to failure.
Popel (128) reported data which appeared toiconfirm'
-the results of this study. Although Popei's studies were not
concerned with'sludge'filtration, as we were in the uSe.of
- the speclfic resistance test, hls data indicated that di-
"gested sludge after only a few‘days‘of'digestion (3 to 5.7
| days) was able %o concentrate better than was sludge whilch
had digested for periods above or below the:times mentioned.,
He showed that optlmum sedimentation of digested siudge
~sollds could be obtained after digestion times of 4 to 5
days. The results indicate that the dewatering characteris-
tics of'digested sludge sollds, as measured by sollds-liquid
separation, are better in sour digestion than 1n alkaline

digestion close to faillure.
Data from Figures 32 and 22 were used £6 plot Figure 33.

: Specific resistances for each- digester were extracted from

Flgure 32 at .10, 20 and 30 day detention times and plotted
agalnst the corresponding solids concentrations at the same
detention times (Figure 22) The trend for the 10 day de-
'tention time showed a minimum specific resistance at a |

solids concentration about 4 to 6 percent With 20 and 30 .
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day detention tlimes, the speciflic resistance increased with
the digester solids concentration. However, the specific
resisténce for’thése detention times'rgmained relatively con-
stant forksolids concentrations between 3 and 8 percent,
Above 6 percent solids concentration the trends for the 10,
20, and 30 day detention times do show that specific re-
slstance decreases as the detentlon time increases. _
In summary, the results obtalned 1n.this‘study’6n the
dewatering ability of digested sludge indlicate that:
1. Spééific‘resistance'increases slightly as load-
ing rate increases. | R
2., Specific resistance increases as‘detention
time decreases. | ,
3. .Sour digesting siudge‘may have better dewater-
| ing characteristics than alkaline digesting
sludge close to digestion faiiufe.
The cause of the increase in specific resiétance for éludges
at a solids concentration of 8 percént or more was not
clear. A possible explanation was the entrapment of gas
bubbles in the sludge as 1t became more viscous. Atﬁtimes.
- of high gas production, the sludges from digesters 5 and 6
fesembled a thick foam in consistency. This would tend to
retard the release of liquid'from}the sludge. The sudden
decrease 1ln specific resistance of the sludge ffom,digesters
5 énd_6_at 10.6 déys detention time maY'have been due to the
presence of scid conditions inside the digester. The
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gasification pr§cess would be reducéd under these conditioﬁs
thus.eliminating any.retarding effects on .the releaselof
liquld from the sludge due to foam. The pH change was not .
large whén the digestérs‘turned sour so -1t 1s dcuﬁtful if
thls was the cause. | |

| The rapld decrease in the speciflc resistances of fhe
sludges 1n dlgesters 5 and 6 when acid conditionsiprevailed
mayAbe‘of 1mportan¢e in‘the design‘of continuoué flOW‘anaer- ‘
,obib digesters. This is discussed in the section on recom—

mendatlons.
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VI. CONCLUSIONS

The effect of sollds concentration in a digester on the

progréss of'énaérobic digestlon was.evaluated in this Study

- by periodically increasing the loading rate to slx completely

mixed digesters maintained at 95°F. _The digesﬁing siudge

in the<digesters was malntalned at ebbut,l.9, 3:5; 5.8,

7.4, 9.0, and 10.6 percent total solids concentration.

The followlng conclusions were reached:

1.

3e

There is an optimum soiids concentration in
digesting'sludge at which maximum gas pro-
duction can be expeéted} “In this study, the
opbimum solids concentration appeared to be
between 3 and 5 percent. With higher solids
concentrationé the gas production‘decreased"

approximately linearly.

'As the detention time increases, or the load-

ing rate decreases, the gas production
increases, | |

Optimum sollds' concentrations appear to exlist

for maximum'calcﬁlated volatile soiids re-

ductions. In this study; the'optimum solids
concéntratiénslwere between 4 énd T peréent.
Thedreticélly, the optimum solids concentrations
éhould.have‘been the same for both maxlimum

gas production and maximum volatile solids
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- of volatile aclds 1n the digesting sludgé also’

70
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reduction. ‘

To obtaln an accurate measure of the volatile
sollds reductions in digesting sludge, the
volatile solids in the digesting sludge must

be at an equilibrium level,

A maximum gas quality of 67.9 percent methane

~ and 32,1 percent carbon Gloxlde was obtained

from digesting sludge with an average sollds

concentration of 5.8 percent.

As the solids concentration in digesting sludge

increases the normal operating concentration

increases. A Volaﬁile aclds concentration of

greater than 5000 mg/1 was attained with only

| partial digesfidn,failure.'
The presence of propionic acld in digesting

sludge indicates the onset of unstable
digestion conditions. Butyric and valeric

acids do not necessarily indicate unstable

- digestion condltions, since they were observed

lin,digesﬁing sludge during periods of stable
digestion}‘ |

‘The allowéble loading rates to dlgesters

withoutfcausing digestion failuré increase as

the digester~solids concentration lncreases.

A maximum loading rate wlll probably be reached

e e
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beyond which digestion faillure will occuf because
mixing will not be as effective in giving.uni-
form conditions of digestion, or possibly be-
cause the detention time in the digester will
be critical with regard to the generation time
of the gas forming bacteria.

A minimum detention time of 8.8 days was obtalned

without dlgestion fallure at a sollds concentra-

" tion of 5.30 percent and a loading rate of 0.37

1b volatile sollds added per cu ft per day.
The generatlon time of.the gas broducing bac-

teria was calculated, using the minimum time

.detention time achieved tovbe approximately 5

dayse.

The'maximum loading rate achieved in this study,
without digestion fallure was 0.56 1b volatile
eolidsvadded per cu £t per day at 11.3 days o

: detention time and a digesting siudge solids

11,

12z,

concentration of 11.3'percent.v

The bH of the digesting sludge decreased as

' the loading rate to a'digeSter increased and the

detention time decreased.

As the solids concentration in digesting sludge
increases the alkalinity of the sludge 1ncreases.
At 11.2 percent sollds an alkalinity of about
8000 mg/1 was observed., | ‘
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The alkalinity of digesting sludge increased
as detention time decreased. |
The digesters in this study which mailntalned
high alkalinities in the digesting sludge
could be operated with high volatile acids
concehtrationsTin the digesting sludge.

The speclflc resistance, a measure of the
dewatering characteristics of sludge, of:the
digesting sludge increases as the 1oad1ng rate
increases and the deténtion time decreases.
Digésting sludge.which has turned sour appears
to have better dewatering characteristics.than

alkaline digesting sludge close to digestion

'failure.
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VII. RECOMMENDATIONS

The results in this study indicated that the domestic
séwagé sludge used'digésted best at a digester sollds con-
centration of 3 to'5 percent based 6n gas prodﬁction-pér ib
of volatile solids added and 4 to 7-percent based on the
maximum calculated volatile solids reductions., Theoreti- |
cally, the optimum solids copcentration should be the same
in both;caSes. Tﬁe maiimum quantity of gas produced should
result from»a mékimum,reduction in volatile solids. The
reason for the apparant lnconsilstency is probably the'nonf
equilibrium conditions‘which existed in the volatlle sollds
content of the digesting sludge. A proposed area of study
'1s the determination of the effect of solids concentrétion
on volatile solids reductions under equilibriumAcqnditions;
Thé generai'trends of volatlle solids redﬁctions have been
indicated in this dissertation. Data, taken under equilibrium
conditions5 are requlred to locaté morévprecisely the optimum
solids concentration at which actual maximum volatile solids
reductions exist, The study could be_uéed to elther conflirm
or repudlate the trends shown here, |

The experimental portion of. the study could consist of
a run made atAa single detention time, say 15 days which is
common practice, and at digesting sludge concentrations of
1, 2, 3, 4, 5 and T percent, Solids concentrations of 1, 2

and 3 percent are necessary to confirm the rising limb in the
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gas production versus solids concentration graph (Figure 23)
and the rising limb in the volatlle solids reducticn»ﬁersusﬁ
solids concentration graph (Fiugre 26). The deta obtained
from the 3, 4 and 5 percent‘éludges'will‘give a more preclse
determination of the optimum sludge concentration for di-
gestion based on the maximum volatile solids reduction., A

digester containing T percent total solids sludge should be

‘included in the experiment to confirm observable trends of

 the datalfrom the digesters,conﬁaining a sludge with lower

solids concentrations. At a 15 day detention time, the total
length of.the run would probably be; 5 to 6 days for digester
start up; 10 to‘15 days to achieve a detention time of 15
days uifhout creatinguabnormal ccnditions in the digesting |
sludge, 43 days after reaching the 15 day detentlon tlme to

| obtain a 95 percent turnover of the digesting sludge; and 10 ‘
‘days to collect data under equilibrium conditions. The total

run time would be approximately 74 days. During the study

.other data can also be collected such as ges production per

1b of volatlile sollds destroyed, volatile acids cohcentrations,
alkalinity concentrations, gas quélities, and the specific
resistance of the varlous sludges. - |

The time required‘to obtain a certain degreevof turnover
of the contents of a completely mixed digester which is fed
at perlodic intervals depends on: | |

1. The ratio of the volume of raw sludge added to

the digester et each feeding;ito'the volume of”
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| of dlgesting sludge.
- 2. The freqnency of feeding; _
The time required to obtain a'percentage turnover of the
digester contents‘equal to S can be formulated as, |
.8 = 100(1-rD)
where S,‘r and nﬂhave‘been.defined previously. In preceding
sectlons n has been defined as the number of days'required
to obtain the specified'degree of turnover.v Actually, n 1s
the number of feedlngs which, in this study where the _
digesters were fed once a day, 1s equal to the number of days.
Another proposed area of study was suggested by the
results obtained from VOlatile acids and sludge dewatering
determinations. ‘The main canse of upset in anaerobic.diges-
tlon is the sensitivity of the gas forming bacteria to thelr
environment The need to preserve the activity of gas form-
ing bacteria establishes an effective control upon the rate '
at which’digesters_can be operated, If 1t were not necessary
to maintain these bacterlia, the possibllity exists'that,very
high loading rates and correspondlingly low detention“tines
could be used in digestion. The end product of such a

process would be a sour sludge containing organic acids,
 alcohols, ketones and other compounds normally present 1n
sour sludge. All of these compounds are capable of being
metabolised_readily by'aerobic organisms. If the organic
acids'etc;, are placed, at,a reasonable_rate, into the maln

. flow of sewage in a sewage treatment plant during periods of -
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normal low flow then could be stabilised:in the aerobic
biologlcal treatment prbcess. Envisioned 15 thls process 1s
continuous or near continﬁous feed of raw sludge to a small,
heated, completely mixed digester. The detention will
possibly'be two days or less., Inslde the digester, lique-
factlon of the volatile solids takes place. The results of
this study indicated that the acid forming bacteria can work
in volatile acid concentrations greater than 5000 mg/1.

.Experiments have been reported in the llterature in which

volatile acld concentrations of 55,000 mg/1 have been |
tolerated by the acld forming organisms. A constant dlsplace-

ment of sludge from the digester, equlvalent in volume to the

~quantity of raw sludge ehtering the digester, will be'trans-‘
:ferred to a settling tank. Before reachlng the settling tank

settled. sewage could be mixed with the partially digested -
sludge. The solid material in the sludge would settle in
the settling tank and the organic liquids in the sludge

would leave the settling tank by means of the overflow weir. -

' The settled solids would be pumped to drying beds.‘ Specific

resistence values of sour sludge indicate that the solids

will dewater rather readily.. The organilc liquids washed

‘from the sollids will be directed into the main sewage flow
~ to enter the aerobilc biologicél unit employed by the plant.

-‘The advantages of this system over conventionalgdi-

. gestion would be:

1. Smaller digesters would be required.
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2. The heat requirements will be less.
| 3. The process will be more stable. |
k, Moﬁe efficient use may be made of the aerobic
bioiogical oxldation unit,

5. No gas collection device will be required.

The disadvanfages‘are: -

1. There will be no gas production.

2. Extra equipment fbr separatling the digesﬁer sollds

from theldigester liquid;will_be‘required. |

The factors which would need further evaluatioh are:
the qﬁant1ty of solld organic:matter which is cohverted ﬁo
1iquid organic matter in the digester;-thé ease of separating
digester solids from the‘organic aclds etec., in thé~settling
tank; the ability to treat the liquid anaerobic end products
aeroblcally; and thé charécteristics,of:thé digested solids.

The characteristics of the methane forﬁing Orgénisms
were discussed_ih the Lliterature Réview. Some‘of the organ-
_1éms required carbon dioxide in theif metabollc procéSSes.
Morgan (116) studied the effect of gas mixing with digester
‘gas'énd‘fouﬁd that the raté,ofndigestion of séwage sludge
could be increased, The reason advanced for the improved
rate of digestionlwaéjthe efficient mixing obtained in the
prdcess. A study ﬁhich may be worthy 6f further 1nvéstigation '
' 1s to determine the effect of varying the carbon dioxide
content of the gaé‘used for mixing the sludge. ‘
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X. APPENDIX

Table 13. Total solids in raw sludge2, Run 2

Digester

Days 1 2 3 i 5 6

1-7 1.71 h,zo 5.82. 8.56 10.28 12.37

9 1,94 3.84 6.69 8.75 9.15 12,37
10 1.94 3.84 6.69 8.75 9.15 12,37
11 1.94 3,84  6.69 8.75 10.86 12,37
12-13 2,30 4,60 6.81 8.94 - 10.57 12.37
14 2.30 4,60 6.81 8.94 10.57 12,16
15-16 2.30 4079 7010 8.97 10. l 12016
17 2.30  4.60 7.14 - 8,92 = 10.56 = 11.10
18-21 - 2.36 4,72 T.12 8.92 10.57 11.10-

- 19 NO FEED '

22-23 2,36 4,720 7.2 . 8.88  10.57  11.10
24 o . NO FEED L
25 2.24 4,60 7.14 . 8,92 . 13.23  13.65
26 2,01 h,or 6.06.  8.04 -+10.07 12,23
27-31 2,01 4,07 6.06 ---=b 10,07 12,23
32 2,01 4,07 6,06 @ —-e- 1Q.12- -, 12:37
33-35 1.99 - 4,10 6.07 ———— | meee- ©12.37
34 - : NO FEED :

36 1099 4916 6007‘_ - eemeses 0 ;e 12037
37 1.99 4.10 6.07 5.09 __‘llo}'l'a . 12037
38 2.08 4,10 - 6.07 8.20 11.26 12.32
0-43 1,90 4,10 6.07 8.20 10.01 12.32
Lh-4s - ———— k.10 6.07 8.20  10.01 12.32
46 5.09  3.93 5.97 T.95 10,01 12.19
4 =m== 3,93 5,97 === emeee 12.19
4 2.13 4,06 6.15 - 8.00 10.11 12.03

8percent. -
b

No feed.
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Table 14, Total solids in raw sludge, Run 3

Digester
Days . . ‘ ‘
. 1 2 3 4 5 6
2-12 2.10 4,20 6.00 8.87 11.75 14,62
13-18 2.00 4,20 6.00 7.91 10.31 11.75
19 2.04 4,20 6.00 T.91 10.31 11.75
20-37 - ' 2.40 4,80  TJ 44 8.87 11,75 ~ 13.18
38-40  2.56 4,79 7.39 8.89  11.39  13.39
4 2.42 4,84 7.10 11,00 11,30 - 15.90
42 2.48 4,96 - 8,96 9.71 13,20 15,60
- 43-50 2,36  4.72 6.93 8.92  11.96 = 14,05
51-55 2.36 h,72 7.02 9.31 12,31 13.90
56-59 2,36 72~ 6,68 8.63 " 11.24 12.53
60-62 2.36 L, 72 T.02 9.33 . 12.40 ° 13.93
63-66 2,36 4,72 7.06 g.44 13.10 14,22
67 2.36 h,72 7.06 9.4k 12,97 14,22
68-71 2,36 k4,72 7.02 9.43  12.83 13.80
T2 2.45 4,01 7.19 9.38 12,85 13.84
73 2.45 4,01 7.19 9.38

12.85  13.84
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- Table 15. Volatile solids in raw sludge?, Run 2

Digester
Days . '
1 2 -3 b4 5 6
1=7 69.0 71.1 70.7 67.8  70.8 70,4
8 72,0 72.0 72.0 T2.0 71.6 70.4
9-10 72,0 T2.0 T2.0 72,0 69.2 T70.4
12-13 72.0 . 72,0 72.0 T2.0 T1.5 _TO4
14 72.0 -T2.0 72.0 T2.0 71.5 7L.2 .
15-16  72.0 72.0 T2.0 2.0 1.7 71.2
17 . 72.0 . 72,0 . 72.0 72.0: - T71.5 69.2
18-23 = 72.0 72.0 72.0 72.0 71.6 69.2
19 , NO FEED
24 » . NO FEED ..
25 72,0 72,0 72,0. 72,0 - T1l.1 1.1
26 71.8 71.8 71.8 71.8. - T1. T1.7
27-31 T1.8 T71i.8 T71.8 ~--=-P 71.8 1.7
.32 71.8 71.8 71.8 —— 71.7 T1.7
33-35 71.8 1. 8 71.8 ———— ——— T1.7T
34 NO FEED ‘ -
36 71.8 71.8 71,8 eemm- ~——— TLT
38 S 71.8 ¢ 71.8 71.8 71.8 ‘67 0 1.7
39-43 71.8 7.8  71.8 71.8 71.8 1.7
’ 44“45 - 71.8 . 71.8 71 8 718 71.7
46 61,6 71.8 71.8  T71.8 71.8 TL.7
47 -m—e— T1.8  T1.8  eeee ama- 1.7
48-49 72.0 T72.0 72.0 72.0  T1.9 71.8
50 -——-- 72,0 72,0 72,0 7.9  T71.8
a@percent

byo feed



Table 16. Volatile solids in raw sludge?,
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Run 3

Digester’

Days : ' o ‘

. 1 2 3 y 5 6

2-12 76.7 76.7 76.7 4.5 71.2 T70.0
13-19 T6.7 T6.7 T6.7T 75.2 T3.3 T2.2
20-37 T0.7 T6.7 5.7 Thoh 72,3 Tlel
38-40  59.3 59.3 59.1 58.6 58.2 577
sl 59.0 59.0 = 59.0 58.2 58.0 . bT7.2
43-50 2.7 T2.7 69.7 67.3 63.0m 60,4
51-55 T2.4 ,72-4 2.7 72.6 72.5 T72.5
56-59 2.4 T2.4 71.8 71.0 70.0 -+ 69.6
60-62  T72.4 72.4 0 71,9 71.6 . T70.7 69.6

. 68-T1 72.4  72.4 T2.2 2.0 ~ TL.7 1.7

T2 T72.2 T2.2 72.0 71.9 ' 71.8 1.7
73 T72.2 T2.2 72.0 . 71.9 71.8 Ti.7

apercent
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V,Digester
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Total sollds in digester®, Run 2
Total solids in digester®, Run 3

- 8percent

Day
. Sampled
- Day
~Sampled
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Table 19. Volatile solids in the digester®, Run 2

Day
Sampled

Digester
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Table 20. Volatile solids

in the digester?, Run 3

Day
Sampled
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4 4

w k=

= 0

[ [ ] * . o e [ ] e e .o [ ] L] o o
00 0O =0 OO = = C\TUT~J W

WWWUI O O OvELW

L L] o

00 COUTL ©. O W w 00 OO0 ~I~JWT O

e o o o o e
H =1 W W0~ 00 000 H H~TW0

Gy YIUTUTUIUT UT UTUIUT T UL B U0

FE-JUIgiO1w 0 N O = 0000w
(62008000006, 01 Il g o 1 I gl o ol Sl gl

VWOWNOOOOOTINRFNN~O0WOWO

45,4
4o 4

4y .8
44,8
by 4
46.2

h5.o'

47,1

ir.1
46,
51,0

. 5601

56,

a8percent



Table

21. Volétile solids loading rates?
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Digester
Day 4
1 2 3 4 5 6
1 6.0 7.5 6.9 8.4 10,0 10.7
2 - 5.9 7.6 7.0 8.3 10.0 10.7
3 6.1 . T.6 7.0 8.3 7.2 10.7
4 7.5 10,1  10.3 11.6 12,0 . 10.7 -
5. Tk 12,2 11,6 14,0 14,9 - 10.7
6 7.5 12,0 11.4 13.8 14,9 10,7
7 7.3 11.8  11.4  aik.2 14,7 S
8 11,1 16.4 11.5 20.6 25.3 -
9 11.0 17.5 23.4 30.5 25'5 ———
10 11,1 17.5 = 23.6 30.8 25,4 S

S 11 '11.96 21,8 30.8 4o,7 43,9 . aa--
12 13.2 26.2 31.2 41,4 48,9 ———
13 13.0 26.6 32.1 42,5 52,7 _—
14 13.0 26,2 31,3 42,1 49,4 21,2
15 :13.0 22,1 36.4 46,8 54,4 21.8
16 13.0 22.4 37.1  47.5 54.9. 14.3
17 13.2 26,2 41,6 51.6 60.8 31.4
18 12,0 29,5 46,1 524 55.9 31.7
19 ———— ———— . — ———— ————
20 12.0 30.0 44,9 51,6 61.9 31,4

o7 12,2 29.5 46,1 52, 61.2 31.4
22 12.0  29.9 44.9 58,1 61.2 -——
22 12.0 . 29.5 46,1 56.6 62.8 ——
2 —— ————— ——— - S —_——
25 10.3 26,6 41,6 51.6 68.6 32,1
26 9,2 22.8 35.1 47.2 53.3 29.
27 9.1 22,1 36.5r ———— 52,0 28.7
29 9.1 - 23.4 35 1 —-e- 53.4 . 29,0

30 9,0 22,9 35.5 - 2.1 27.
31 9.7 23.1 35 5 ——— 41. 29,

- 32 9,1  28.4 L4y, 7 ———— 29,0 43.6
33 S 11.2 28.0 o ce-e- ———— 43,6
3 " mmmm mmmemeeel -—-- e

11,4 28.0  43.4 ——— ——— 58.4

81b per day per cu £t of digesting sudge x 102
bNo feed |
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Digester

Day ‘

S 1 2 3 4 5 6
36 11.2 28.0 - 4.7 —~——— ——— 58.4
37 11.2 28,8 . 42,3 24,4 48,1 57.8
33 5.9 28.0 42,3 1404 55.U 57.8
39 5.9 . 28.0 42,3 4,2 11,5 = 57.8
4o 7.5 28,4 . 42,3 14,2 1.7 - 60,0
41 7.5 28,4 41.7 14,4 11.5 57.8
4o 7.5 28.0 42,3 14,2 11.8 . 58.4
43 7.6 28,4 4i,7 14,2 12,0 59.3 -
Ly ———— 28.4° 42,8 14,4 12.5 58.4
45 iamiaadnadend ' 27.7 42.3 11 0 12 5 57.8
46 10.5 29.4 by b 23,3 22,4 ' 57.9
47 ———— 14,4 22,5 ——— ——— 28,2
48 2.5 29.7 45.9 - 23,2 25.1 57.1 -
49 - 2.5 30.5 45.9 23.2 24,9 56.5
50 ———— 301 45 9 22,8 23,6 56.4
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Volatile solids loading rates®, Run 3

Table 22.

Digester'

Day
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Table 22 (Continued)
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‘Table 23 (Continued)

- Digester

Day
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Digester detention times®, Run 3

~ Table 24,

Digester

Day
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aDaﬁs.

bDigester not welghed hence can not calculate detentibn_

time.
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Table 24 (Continued)

- Digester
Day -
. 1 2 3 4 5 6
37 15.8 16,0 16,0 16.0 19,7 19.7
38 16.0 15.8 16,0. 15,8 20,0 20.0
39 16.2 16.2 16.0 16.0 19.7 = 19.7
40 15.8 15.8 16.0 16,0 20,0 - 20.0
41 15.8 15.8 15.8 15.8 19.7 120.0
4o 16.0 15.8 16,0 16,0 - 15.8 16.0
43 16.0 16.2 16.0 16.0 16.2 16.0
4y 16,2 15.8 15.8 16,0 15,8  16.0
45 15,8 16.0 16,0 15.8 16,0 .15.8
46 16.2 16.0 16.0 16.2 15.6 15.8
47 - 15,8 15.8 15.8 15.8 16,0 16,0
48 15.8 16,0 16.0 15.6 15.8 15.8
bg . - 16.2 15.8 15.8 16,0 16.0 16.2
50 11.3  11.3 11.4 11.3  11.4 11.6
51 ' 11.4 11.4 11.3  11.6 11.3 11.1
52 . 11.4 11.4 11.3 11.3 11.3 11.1
.53 1.4 11.4 11.4 7 11.3 © 11.4 11.3
54 11,3 : 11,3 - .11.4 . 11,4 . 11.4 11.1
55 211,40 11,4 11.3 11.3  11.3 11.4
56 11.6 11.4 11.4  11.3 11.3 11.3
57 . 11.3 1.4 0 11.4 11.4 - 11,4 11,
58 11.4 1.4 11.4 11.4 0 11.4 11.1
59 - ©11.4 0 11,3 11,3 11,3 11,3 11.3
60 8.9 8.9 8.9 .11i.3 11,4 11.4
61 ‘8.8 8.8 8.8 11,4 11.3 11.3
62 8.9 8.9 8.9 11.4 11.3 11.3
63 8.9 8.9 8.7  11.3 22.6 11.3
6L 8.9 8.9 8.9 11.3  22.6 11.3
65 8.9 8.9 8.8 . 11.3 23.2 11.4
66 704 703 809 X 11'4 N 13 3 1103
67 . T4 7.2 7.2 9.9 13.2 10,0
68 Te2 T4 7.3 9.9 + 13.3 9.9 -
69 7.3 7.3 7.3 10,0 13.2 9.9
72 7.2 7.2 7.6 9.9 13 2 9.9
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Reduction in volatile solids®, Run 2

Table 25.

Digester

Day
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See sectlon VB for method of calculatlon.

- byo data.
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' Table 26.

Reduction in volatile sollds?, Run 3

~ Digester.
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See section‘VB fdr metth of calculation.

‘apercent.




247

Dally gas production®, Run 2

Table 27.

Dlgester

| Day
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PNo gas measurement,
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" Table 27 (Continued)

Digester

Day .
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Daily gas production?, Run 3

Table_28.

Digester

Day
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Table 28 (Continued)

Digester

Day
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Gas quality®, Run 2

Table 29.

Digester

Day
Sampled
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‘Table 30.

Gas quality?, Run 3

Digester

Day
Sampled
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Table 31, Volatile acids in digesting sludge®, Run 2

Digester
Day .
Sampled
- 1 2 3 4. 5 6
3 30 —mee- b 130 250 100 4700
43 1220 730 570 3660 6660 6080
4l 1330 810 770 3200 5800 5800
4730 7880 11740 13880

51 950 3970

[ 4 .
Table 32, Volatlle acids

in

digesting sludge?, Run 3

Digester
Day » ) .
Sampled . -
' 1 2 3 4 -5 6
5 _ 540 695 1460 1760 2020 1840
6 590 &= 830 . 2020 3450 2800 2690
7 - 480 750 1730 - 2540 2540 . 2220
11 - 100 - 425 1480 2220 2410 2340
14 190 460 1230 1680 1830 2280 -
8 140 = 250 - 620 1070 1290 2080
20 : ,130 L 190 30 . 1170> 1790 2950
24 4o - 220 = 460 330 . 810 2870
26 4o 210 110 380 270  —-==P
29 - 120 330 480 oo 500 3060
30 170 270 600 650 500 3150

3 140 190 -

AMg/1 as acetic acld
‘bNo data

430 460 680 2960
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Table 32 (Continued)

-~

| o5l

Digester
.Day . o
Sampled ‘
o 1 -2 3 4 5 6
35 130 390 550 570 580 . 2990
44 90 110 220 350 450 1400
- 48 60 360 Loo 410 480 - 1230
51 1120 120 350 180 640 1720
53 - -——— - 540 1610 3330
55 180 330 640 430 1590 3500
56 270 - 390 560 560 1580 - 3430
59 130 - 110 390 320 1560 4260
63 T0 390 790 570 4110 . 5160
66 280 630 1080 450 k970 5680
Table 33. Digesting sludge pH, Run 3
Dlgester
Day .
Sampled - o
-1 2 3 4 5 6
11 7.85 7.8 T.T 7.6 7.55 6.9
.19 7.8 T.T T.55 Te55 Te5 7.2
26 8.0 7.8 ’ 7.8 707 7.8 -""a
53 6.85 7.0 7.0 7.0 6.95 6.8
ol CTed - TW15 7.05  T.2 6.9 6.9
70 6.5 - 6.65 6.6 6,95 6,45 6.6

aNo data
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© . Table 34, Alkalinity of digesting sludge?, Run 3

: Digester
Day
Sampled
1 2 3 4 5 6
19 1435 2250 2930 3170 3550 4010
26 1600 2500 3300 3900 4300  ----b-
22 1600 2600 3400 4500 ———— 4800

1500 2900 3800 - 5100 6900 8000

8Mg/1 as. calcium carbonate

bNo'data




Table 35.

256

Tlme requirements for the various operations and

analyses in this studya

Equipment malntenance

" Operation or Time requlred Remarks
analysis (hours)
Raw sludge collection 9 Sufficlent for
and storage ' 20 days
Raw sludge thickening 2 b Sufficient for
and storage T2 ° 14 days
Feed sludge preparation 1 2 Thawing and
K . B 6 make-up '
Digester feeding and
~ clean up 3
‘Gas pressure - 0.4
Gas analysls 0;25
pH 0.25
Volatile acids 2 b
. : 3¢C
Alkalinity 1.25
Total and volatile solids 3 5
- - ‘ 26
Qualitative volatile 1.5 P
- acids analysis: 5 ¢
‘Dewatering test 4-6
1 . per day

AaFor six digestefs.

Actual working time.

Cmy me

- . !

from start to end of the analysis.



Figure 34. Computer program fdr cal'culating carbon dioxlde
R dissolved in sewage sludge. (Fortran 1)

- .~
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DIMENSION PRESS (100),RATIO(100),GAS V(100),V S A(lOO) VS 0(100),
1V PER A(100),V Per D(100),DATA(15),ID(9)
COMMON NO PTS, KWIT,I,ANSWR,ID
1 READ INPUT TAPE 1,199.NO PTS, (ID(J),J=1 9)
 IF(ID(1)-8283767700) 2,999,2
2 K FULL = NO PTS/15
KARDS = K FULL
K REM = NO PTS - 15«K FULL
IF(K REM) 4,4,3
3 KARDS = KARDS + 1
4 NO CDS = 5*KARDS
. D0 11 K = 1,NO CDS
" READ INPUT TAPE 1,198, KIND, INDIC, (DATA(J),J = 1,151)
J2 = 15+INDIC
Jl = J2 - 14
I=1 , :
DO 10 J = J1,J2
GO TO (5,6,7,8,9),KIND .
5 PRESS(J) = DATA(I)
GO TO 10
6 RATIO(J)
GO TO 10
7 GAS V(J)
GO TO 10
8 VS AW)
GO TO 10
9V S D)
10I=1+1
11 CONTINUE
WRITE OUTPUT TAPE 2,299, (ID(J),J = 1,9)
DO 12 K = 1,NO PTS
STP V = 0. 00281*PRESS(K)*RATIO(k)
TOT V = GAS V(K) + STP V
V PER A (K) = TOT V/V S A(K)
"V PER D(K) = TOT V/V. S D(K) |
‘12 WRITE OUTPUT TAPE 2,298, PRESS(K),RATIO(K),GAS V(K),V S A(K),
1V S D(K),STP V,TOT V,V PER A(K),V PER D(K)
CALL MEAN (1,V PER A(1))
 CALL MEAN (2,V PER D(l))

_DATA(I)

DATA(I)/100.0

DATA(1)/100.0

DATA(I)/100.0

.GO'TO 1
999 STOP
299 FORMAT (1H1/1H0/15X 22HVOLUME CORRECTION FOR 9A5/1H0/15X 56HC02
"1 MEASURED - V. S. - V. S, coz CORRECTED 2(15H GAS VO

2L./LB.)/2X,100H PRESSURE RATIO GAS VOL. . ADDED  DESTROYED A
'3BSORBED GAS VOL. V. S. ADDED V. S. DESTROYED /1HO)
298 FORMAT (1H ,F10.1,6F10,5,2F15,1)
199 FORMAT (IS,30X,9A5)
198 FORMAT (I1,14,15F5, 0)
END



—

259

SUBROUTINE MEAN (L,ARRAY) P
COMMON NO PTS,KWIT,I,ANSWR,ID

DIMENSION ARRAY(IOO) ANSWR (100), 10(9)
L =L

DO 3 I =4,7

PTS = I

NOPTS - T+ 1
= 1,KWIT

Ll |

J1 =
DO1J = Jl J2

SUM = SUM + ARRAY(J)
ANSWR(II) = SUM/PTS
CALL PRINT (L)
CONTINUE

RETURN

END

SUBROUTINE -PRINT (L)

DIMENSION ANSWR(100),ID(9)

COMMON NO PTS,KWIT,I,ANSWR,ID

GO TO (1,2),L

WRITE OUTPUT TAPE 2,299,I,(ID(JJ),dJ= 1,9)

© GO TO 3 -

KN

~ O

299
298

297

'WRITE OUTPUT TAPE 2,298,I,(ID(JJ),JJ= 1 ,9)

K = KWIT/4

IF(KWIT - 4*K) 5,5,4
K=K+1
PO 7 N =1,K
KK=N+3K
IF(KWIT - KK) 6,7,7

’

KK = KWIT

WRITE OUTPUT TAPE 2, 297 (ANSWR(J) 3= N, KK ,K)
RETURN

FORMAT (lHO/lHO/lHO 5X,I5,21H DAY MOVING MEAN FOR »9A5,31H Gas VOL

LUME PER LB. V. S. ADDED/lHO/)

FORMAT (1HO/1HO/1HO,5X,15,21H DAY MOVING MEAN FOR ,9A5,35H GAS VOL

LUME PER LB. V. S. DESTROYED/ 1HO/)'
FORMAT (1H ,4(15X,F5.1))
END
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