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c e . ABSTRACT -

| ’ R . NS '

t

Meat processing wastes were'subjected to anaerobic digesTYEn

©at 409C and 50°C An effective system was developed at both temperagpres,

resu]ting in f1na1 Chemica1 Oxygen Demand (COD) reductién of at Teast

l-ggo% at 4 day So]ids Retent1on Time (SRI) for both temperatures. ‘
. Further increase 1n SRT to 2 days resul ted in 73% and 81% COD reduct1on

lrespectively However, in th1s 1nstance the effectiveness of the

operatlon at 40°C was subJett to great variation. = T ’ e

-

0n1y about 57 and 54% reduct1on in tota] vo]at11e so]1ds was

ach1eved at 4 days SRT at 40°C and 50°C respect1ve1y Even at 20 days

SRT the vo]at1le solids reduct1on 1ncreased to on1y 62% 1nd1cat1ng the

"presence of non- degradab]e portion, probab]y .in the form of inorgan1c ‘

sa]ts. e E .

" The greatest difference between the two treatment temperatures

was observed 1n the eff1c1ency of 11pid ut111zat1on At 4 days SRTL

<and 40°C only about 31% of total ]1p1d’remova1 was ach1eved, compared

‘\to 52% at 50°C To obta1n at least 50% reduct1on in total lipid:

content at 40°C a 20 days SRT period was requ1red 86% of tota] Tlipid

"was ut111zed at 50°C under the same cond1t1ons

Maximum gas productwon was observed at 4-8 days SRT. per1od for
both temperatures Total methane gas’ product1on at 50°C and 4 day SRT,
1023 ml/day, was 36% higher as compared to 75Q ml/day . product1on at

40°C and 4 day SRT. when organ1c load for both d1gesters was 1ncreased

v
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to the equivalent of 2 day SRT. methane gas product1on decreased by

| 67% at 40°C, and by 55% at 50°C.. ¢ . . R

Methane content of: the dwgester gas at 50°C ‘remained relat1ve1y

constant for a]] loading rates. rang1ng from 62 6 to 67. 3% Hdwever,

at 40°C ‘a significant reduct1on “from 66. 5 at 4 day SRT to 48. 6% .

at 2 day SRT was observed. o e (;

At both’tehperatures ﬁnvestigated, the gas/breduction decreased

~at SRT greater-than 8 days, indicating the subgtrate availability to
be the rate.limiting factor.;AtVZ days SRT, the reduction in treatment

efficiency, combined with the increase in total volatile acids content

. . hd . i .
indicates that the acid utilization by methanogenic organisms was the

~

VAn economic'analysis of the un1t processes for a potential 1arge

“scale apgglzat1on 1nd1cated that maximum benefit can be obta1ned at

nd 40°C. APthdubh the gas production-at- 50°C was -

supp]ementa1 heat requ1red te/ha1nta1n the d1gester at 50°C

The cost of. chem1cals (484 $/day) accounted for a maJor portion

' Aof the tota] ‘cost at 40°C followed by the operat1nq and maintenance

cost - (150 $/day) and the cap1ta] cost,

The economics -of a'Mu1t1-Stage Flash (MSF) evaporation principle

“ was examined in an attempt to evaluate the feasibi1fty of decreasing

o

S . . R /»
| \/_ o ,,
- . ) /

) the tota] waste flow and thus reducing the»1n1t1a] capital cost

requ1red A concentrat1on factor of 10 was selected for this study.
Tota] MSF»cost of the evaporat1on/anaerob1c d1gest1onvsystem at
50°C was approx1mate1y 50% higher than that of the simple anaerob1c

treatment at 40°C (2022 $/day vs 1059 $/day) respect1ve]y Thus, the

/

VA
o/
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MSF évaporation'concept doks not Sppgar‘to be economically feasible

P

. . : ' .S 3 o °
in the context of this §tu¢y. The major contributing factor was the

L4

cost of steam required to échieve;tﬁemgesired consentration.

*
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CHAPTER 1
INTRODUCTION ~ , .

- 1.1 Industrial Waste Problem

Food process1ng 1ndustry 1s one of the most 519n1f1cant sources
of 1ndustr1a1 wastes and wagte waters Process1ng of raw agrlcu1tura1
mater1als into food products generates wastes wh1ch are characterized
by h1gh vo1ume and/or»h1gh organ\c strength ‘The amounts of wastes

assoc1ated with product1on of certa1n food products /(e.g. cheese) often

'_'exceed severa] fo] the amount ‘of the f1n1shed product

Most of the food process1ng p]ants are 1ocated at or near,

1arge commun1t1es and in many 1nstances,-a prov1510n 1s made for
their waste to pe treated by the mun1c1pa1 sewage treatment piant.}
'w1th the incre se in’ product1on level, there is a correspond1ng
increase in t e vo]ume (not necessar1]y the strength) of d1scharged
v11qu1d In many 1nstances this resu]ts in over]oad1ng of the work1ng
capacity of a mun1c1pa1 treatment plant Somet1mes, toxic mater1als
m1ght be present in d1scharged 11qu1d creat1ng operational’ d1ff1 u1t1e
as we]] as “a hea]th hazard.

| Because of the 1ncreased cost of'waste treatment, most'muhicipa- '
lities now require that the organic strength of discharged Téquid

be equ1va1ent to that obta1ned from mun1c1pa1 secondary treatment |
“In order to achieve th]s level, genera]]y at 1east 85% of BOD must be
‘removed, in comb1nat1on with sufficient reduct1on in sed1mentab]e
suspendéd solids. |

A]though 1ndustr1a1 wastes can d1ffer in the1r compos1t1on,

their characteristics and-organlc strength are described in common
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terms, such as biochemlcal oxygen demand (BOD), chem1ca1 OXygen '
demand (COD), we1ght of suspended solids, pH, |
| Ma1n problens assoc1ated w1th the treatmené*of the food process1ng

wastes are thelr 1arge~vo]umes and 1ow organdc strength. Bécause of
the1r volume re]at1ve1y large treatment 1nsta11at1ons are requ1red
resu1t1ng in h?gh capita] 1nvestment Reduct1on in the size of the

; treatment p]ant cou]d be ach1eved by 1ncreas1ng the rate of waste

| \stab111zat1on e.g. by. 1ncrease of the treatment temperature MaJor1ty
of the anaeroblc ‘treatment p]ants operate at 25- 30O temperature ) |
range It has been documented that the 1ncrease 1n d1gester temperature

" to. 35- 37°C resulted in s#gn1f1cant 1ncrease in waste ut111zat1on.
v There has been a 11m1ted\amount of research 1nd1cat1ng that
effect1ve anaerob1c treatment can be ach1eved w1th Stz g organic wastes

™~

at a temperature range from 35 to 60°C rate of m thane gas format1on

was. suff1c1ent to ma1nta1n the d1gester temperat‘ e.. However, there is
no 1nformat1on ava11ab1e c0ncern1ng the. eff1c1ehcy and et nom1cs of
treatment of d11ute food process1ng wastes at temperatures at or
a0%, | ' ; | o
D11ute wastes may not be cons1dered to be su1tab1e for economical
methane product1on ‘Because of this uncerta1nty and/or lack of data,
no spec1a1 attempts have been made to eva]uate the techn1ca1 aspects of
i methane gas productlon in the overa]] econom1cs of the anaerobic treat-
,ment of-d11ute'wastes. Furthermore, most of the attention was devoted to
the actua] rate'pf\wasteestabi]tzation,'whi]e'no attemptstwere made to
stimulate'methane gas:production by increase in temperature, by'addition

\
!
s

“of nutrients, etc.
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This study was concerned with the anaerobic digestion of d11ute

A food process1ng wastes as a possib]e a1ternat1ve to. currently used
.waste treatment techn1ques. The . effect1veness of{:?e waste stabi]i-

_ zat1on was stud1ed in relation to two treatment temperatures and the

rate of product1on of methane’ gas an economica11y valuable productv

Cof the ‘proposed’ treatment. »‘,‘} o

- The spec1f1c obJectives of th1s study were:

(1);§;Z§:iglg;te the degradat1on of dilute comp1ex organic .
: Al
‘ astes (typ1f1ed Qy 51qu1d wastes from a meat process1ngx

~ operation) under anaerob1c cond1t1ons as a fuact1on of
B temperature at 40 c and 50 C,\»
(i1) to evaluate the effect of hydrau11c 1oad1ng rates on the

'degree of degradat1on of these comp]ex organ1c wastes at

R 40°¢ and 50°C;.

(iit) 'to estab11sh ‘and evaluate cond1t1ons for max1mum methane

gas product1on at 40°C and 50" C
(1v) to develop and eva]uate an econom1ca1 model for anaerobic

treatment of’ complex organ1c waste at 40°C and 50°C. ¢

R



CHAPTER 2
LITERATURE SURVEY

d-2 ¥ Character1st1cs of Food Processing Wastes

Dependihg upon the type of - the food proéessing plant, the

character1st1cs of . 1ts waste- exhibit extreme variat1ons The BOD

level m1ght be as low as 50 - 100 mg/1 or as high as 100 000 mg/1.
Suspended so11ds may range from a]most 0 to 110 000 mg/l Some

‘[wastes ‘such as found in- veqetab]e process1ng, are hlgh1y ac1d1c
‘ (pH.3‘5).wh11e others=- e.q. those originating from potato

. prooessing = are highly alkaline (pH 11.0). The mineral nutrients

necessary for themmicroorganisms are lacking in some types while

excessive levels of toxicity are present in other wastes. Thus,

for an optimum design of#the most suitable method of food processing

~ waste treatment, all these factors must be carefully considered.

Tabletl'SUmmariies major food~processing wastes, their origin,

' character15t1cs and a typ1ca1 treatment used.

2.2 WaSte Treatment Methods

Methods available for the treatment of almest any kind of waste

~can be broadly categorTZed as physical and bfo]ogieal. The latter can

e

be further divided'into two senarate treatment groups, aerobic and

zanaerobic depend1ng respect1ve1y on the need for presence or absence

of oxygen for eff1c1ent treatment Obv1ous]y, no one treatment would
comp]ete]y sat1sfy all the needs when dealing with complex ‘processing

wastes.‘Almost all treatment Systems are comprised of the comb1nat1on ‘

ofhdifferentiohysicallahd biolggi;alwtreatment stages. Whatever system'

e

_is being used, its prime objectives remain the same, namely to decrease

L s

/



L

o

RS S

W o

9

s, e

-

*juawjesuy |esiboy

* s93euphy

*Butyoue|q

-01Q dJ1QqoJ4ae ‘uojjedb - -0qJeD PaA[0SSLp pue A43snpuj
. =jadl Aeads “bupusaudg SpLL0S papuadsns ul yb1H ‘buL3and bul|asy i 038304
. *J933ew diuebuo *sa(qe3abaA pue syinay | _
‘uopjebruadl Aeuds PaA|OSSLp pue |eplo[|0d jo bupyoue|q pue Bupoinf A43snput
‘buiuoobe| *buluaausg *spL]0s papuadsns ul ybLy - ‘bul3zno Cbutumiuaj bupuuey
"suaxoLyd Jo buyotd
. : _$433eM yseMm pue 3seadb
//.co_pmmm_n JLqod *sle) pue ‘Suldl  ¢SIIBSUIPUOD UL SINPLSAU .
-geue ‘uojjeJdl|if buly -o4d 43y30 ‘poo[q ‘ual fsjej pue .sauoq jo but A4y snpuy
=3¥0143 ‘uoljelo|s J0/pue =3t Ojuebuo papuadsns  =dapuad *Ssjewlue jo Bul Aa3nog
.m:wﬁpwwm ‘buluaauog - pue paA|OSsLp ul ybly -433ubneys wmv;mxyooum pue jeay
*abpnys VWum>wuuw ‘uoijed; ..umouucp pue je4 ‘u}9] *Asym pue *y|Lw
=Lt BuLyI 143 ‘uoijeuse -ouad Ajulew ‘usyjew o1  -4333AQ *y|iw pajededss A43snpug
‘juaugead] (esjbojoig -uebdo paALOSSLP UL YBLH )L LWw SLOYM O Suoliniig Adyreg
*sdoys ~ *syonpoud J1ayy
30 uoL3sabip ‘sud3|L4 40 S3YodelS pIJUBULDS
bui¥otu3 fuorjebnyiaz pue uaboujiu ulejzuod ‘uotje||L3sip |oyoole -
-u3d J40 uoljeuoderd Ag _*d0g pue sp}|os djuebuao woudj anplsad fureab jo Aagsnpug
UOLIPAIUIIUOD ©AUBA0IIY paAfossip up ybLy - Burssaud pue buidasys UO L 3RFUIWID
prmawmm;h.ﬁmuvnxw SJ13SL4a30RdRY) JO[EY 93SeN JO ulblug

AHNmH NETE ;mppov. Jualnead |

pue Lmuum;m;u *ulbldag “sajseM bulssasody poo4

i1 alqeL

Ad3snpuj



the initial organic strength of the waste to an acceptable level.
N . ‘,,/

The following overview of the available methods for waste treatment

has been summarized from several textbook references (Eckd.fe1der

and 0'Connor, 1961, Nemerow, 1971, Fair et al., 1968).

2.2.1 Physical Methods of Waste Treatment

When déa]ing with food processing wastes, a physical treatment,
such as screening or flocculation, is widely used as a pretreatmenf.
Filtration or sedimentatfoh may be used as a final "polish" treatmentn
after some kind of biological stabilization before wastes discharge
into a body of water. Several types of physical treatments are common.

(a)/Screening is used to remove coarse particles, It is widely

used i frﬁit, vegetable and potato processing plants.

b) Flocculation refers to the aggregation of small paftic]es

into larger ohes.'Depending on the waste characteristics, chemicals
m‘ght be added to ihduce aggregation and settling of fine suspended
atferAand co]]oid51 substances. Ferrous oxide, due to its ability to
flocculate %éts, is widely used in meat processfng waste treatment.
| (c) Floatation method of removal df finely divided suspended
//( . solids and particles is characterized by the injéction of fine gas
. bubbles into the 1iqqid phase. As the bubbles attach themselves to
the particu]ate.matter, the aggregate increases in size and thevbuyoént
" forces acting on the combined particles and gas bubbTes cause the
particle Qo‘rise to the sdrface; This.method is applied mainly for the

'removal of suspended matter ahd for concentration of biological sludges.

(d) Sedimentation is a removal of suspended particles by gravity

séttlinj. It also has an application for grit removal, particulate
J . ' : '



matter in a primary settling basin and bioTogica] floc removal in
-an activated sludge basid. | |

(e) Filtration is mostly used for a final removal of suspended
solids remaining atter the biq]og?caf or chemical treatment. The process
consists of fsand and gravel” or fine silica sand filters. Its greatest
use is for the treatment of municipal water and industrial brdéess
water. When combined with the biological treatment such as a trickling
filter, it can'proride two treatmedts in a single pass, e.g.\bio]dgical

stabi]izhtidn and suspended solids removal,

2.2.2 Aérob]c Waste Treatment

The oxygen demand in discharged industrial wastes is basically
exerted by three d1fterent c1asses of materials (Annon., 1969):
(i) Carbonaceous organ1c matter that is used.as a food’ substrate
by m1croorgan1sms.

’(ii)\OXidizable nitrogen compounds derived from ammonia, nitrite
and organit nitrogen compounds. It serves as a nitrogen |
source forrdifferent t}pes of microorganisms,

l'(iii) Chemical reducjnq compounds such as sulfite, su]fide'and
ferrous iron,
in'the aerbbic treatment, oxygen is supplied to.the substrate
by mechanical means such as circulating pumps and injection of compressed
atr to support microbial metabolism and growth, thus resulting in
conversion of the various waste materia]s‘to biomass. The‘aerdbic

digestion treatment can be carried out in several typical facilities.

(a) Aerated lagoons are mixed reactors that are operating on

a f]ow-through basis and do not employ cell recycling. They consist-



of a large, shallow earthen basins mixed and aerated by surface
aerators. The removal and/or stabilization of the waste 'is achieved
through conversion of the comp1ex was te to bacterial mass and C02. This
type of treatment must be followed by sedimentat1on or other means of
separating m1crob1a1 mass from the d1scharged effluent

(b) Act1vated‘s1uQQgAtreatmeht employs the use of mechanical

aerafors.and/or compressed air or oxygen to increase the efficiency
of the process In contrast to the aerated lagoon, after a specific
period of time a port1on of the liqu1d is w1thdrawn to a separate
tank and allowed to settle Part of the settled sludge is later
returned to, the reactor to maintain relatively stable microflora.

(c) Aerobic dlgest1on applies tofaerobic destruction of in-

4

o

soluble organie wastes in a slurry reactor. It is used to remove excess
~activated siudge fdrmed duriag the treatment of soluble wastes. In this
: process, the s]udge is aerated for an extended per1od of t1me in an
open tank us1ng convent1ona1 air d1ffusers or surface aerators.

The advantage of this process is that it could be either batch or

continuous operation, but in the latter case, it must be followed

by a separate settling tank.

(d) Trickling filters consist of a bed of coarse permeable media
such as rock or plastic ba]]s.TWhile the waste.effluent f1lows through |
the filter, it eomes into contact with microflora attached to the media.

.The organic materia] is absorbed and utilized by these organisms.
As the thickness\of slime containing the microbial flora increases
during extended %glter operation, the oxygen is more rapidly utilized,

creating anaerobié\conditions near the bottom of the filter, This type =

A



of waste treatment provides a large surface area for the microbial growth
. and is very stable to organic and hyqrau11c shock loading. At t1més, it is
ﬁécessary to backwash the filter in grder to Eemove some of the |
excessive microbial mass build up.

(e) A rotating disc contactor is based on the ééme\principle

as the trickling filter..A massive microbial buildup is developed

and éttéched to a matrix which comes into contact with the effluent.
The matrix consists of parallel circular diécs attached‘perpendicularly
to'a horizontal shaft which passes through their center, The discs

are usually constructed from high density polyethylene. During

the operation, these discs are abproximate]y‘ha1f ipmersed‘and‘rotate
‘at a bre-determined speed. The rotation acts as a mixing device, énd

{¥ providés constant shear force. causing continual sloughing of the stabi-
lized organic matter. These discs also functipn‘as aerators. As %ﬁgy
rise from the solution, a thin liquid layer rehains.oﬁ the disc surface
absorbing thé-oxygén as ip'passes'through the air. Reimmersion returns
this higﬁ]y aerobit 1ﬁqhid info fhe reactor thus increasing the oxygen

content,

2;2.3-Anaerobic Waste Treatment

| The anaerobic treatment is described as a micrébia] stabilization
of a comp]éx organic waste in the absence of oxygen. This process.canH
,be;d1v1ded 1n§o~two sequeﬁ??;Twﬁfgges,-each.bemng carried out by a
different group of organisms specific to the particular stage. The
" general anaerobic wa§te degradafion‘flow diagram is presented in |
. Figure 1. In the first,stagé of the proceésu the complex organic matter

-is hydrolyzed by the non-methanogenic orgahisms into a variety of organic
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acids atilized by methane producing organisms in the methanogenic
stage, with the end product being CH4 and COZ'

N

Non-methanogenic Phase

.

Methanogenic Phase

methanol, ethanol

»

4
formate, acetate \ |

orgahic was te -1 butyrate, propionate-4—+ CH4 + 602
matter | valerate, caproate

|

"Figure 1. Schematic of anaerobic digestion.

The anaérobic waste treatment methods cij be.classified into three
bnbéa‘categories'- anaerobic lagoons, septic tanks and anaerobic
digesters{f o p

(a). An anaerobic lagoon consists of a large earthen pond

L

open to?the:étmosphere. Since the anaérobic process requires

the absence‘pf'oxygen, it takes place benea?h the surface, while

aerobic treatment taﬁes.place in the top layer. The operating

10



temperatures are generally low, resulting in aﬂlong retention
~ time required to achieve sufficient breakdown.

(b) A saptic tank is an enc1osed anaerobic system wherc

settliing solids are held sufficiently long to undergo partial or
complete digestion, The gaées produced are released to the-atmosphere,
while the stabilized waste {s periodically discharged. Simi]arly;‘

as for the anaerobic lagoons, the temperatures of the: treatrent
depend on ambient conditions resulting in long retent1on periods.

(c) Anaerobic digestion refers to the process operated. above

{crobial

ambient temperatures. The gas formed in the process of
waste stabilization can be co11ected and used for heat1 purposes.
The increase in operating temperatures increases the ratd of biological
stabi]izatiqn resulting in decreased retégtion time. Tﬁe treatment
unit can be considerably smaller 1n size as compared to lagoons.

1

Newer developments, such as an anaerobic contact process,
greatly increased the‘feasibi??ty for treatment of dilute industrial
wastes. In pring%p]e, this process is analogous to the activated
sludge treatment in tha; biological solids present in the final
e%f]uent.are concentrated by sedimentatioq and portion is returned
to the reactor. By maintaining a high concentration of microorg;nisms
in the reactor, rapid and efficient treatmént can be achieved.

The anaerobit filter designed by Young and McCarty (1967) is
similar in,éppearance to ah aerobic trickling filter. The incoming
. waste ;s qigtriﬁuted across the bottom and the flow is in an upward

direction. This ensures that the filter is comﬁ]etely submerged

without void sp;ces. Anaerobic organisms cling to rock surfaces

1
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_and the waste comes in contact w1th an active biological mass as
1t passes through the filter, |

! “
The anaerob1c fi]ter is of s1mp1e desxgn and requires no s]udge

.. or effluent recycle to ma1nta1n a h1gh treatment eff1c1ency The produc-

't1on of sol1ds is 1ow and wlth prote1n or fatty acid substrates the filter
can be operated for wel] over a year with no need for solids’ wast1ng o
(Young and McCarty, 1967) Hhen high carg“hydrate wastes are be1ng
treated sludge‘wast1ng or backwash must be done per1od1ca1]y due to
'excess1ve b1o]og1ca] sol1ds accumu]at1on Another advantaqe of th1s |

type of treatment is 1ts rap1d response to change in 1ncom1ng waste
character1st1cs, thus hav1ng application for food process1ng p]ants f .

' operated on atper1od1c oﬁ?seasona] peak bas1s '

| Schemat1c d1agrams of the anaerpb1c contact process'and the '.l

anaerob1c f1]ter are 111ustrated in Figure 2.

'y2 3 Anaerob1c Treatment of Food Process1ng Wastes AR

Initjally, the anaerobag djgest1onk1nlform of septic tanks has
been’usedfto treat'domestic wastes;vAs a resu]t,bf‘new, more efficient
i_» treatment methods, it has been_gaining importance for indust;ia1~€
'app11cat1ons The fol]owing survey bf'waste treatment methods in
var1ous branches of the food 1ndu5try 1nd1cates that the anaerob1c
d1geSt1on has been stud1ed recommended and/or app11ed to a var1ety

-of 11qu1d waste mater1als

2 3 1, Fermentat1on Industmﬁ

Pearson et al. (1955) app11ed the anaerob1c treatment to winery
‘wastes. w1th operating temperatures of 35.5 - 37. 7°C and Toading rates B
~of 1.6 3.2 kg of volatile so]1ds/(ys)/m /day, 87 - 88% reduction of VS

A

e



Figure 2:
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and BOD was'achieved.:The gas produced contained on'an.average 62%

- methane. Stander (1967)'described the anaerobic treatment.Of winev

| distillery wastes. He achieved the final COD reduction of 97% using
the maximum organic 1oad of 3.2 kg'COD/m3/day at 30°C, and retention
time‘of 7.2days. The amount of gas produced was sufficient to ma1nta1n
wthe desired operat1ng temperature up to 45°C The est1mated treatment
cost'amounted.to-approx1mate1y to 12.3 ¢/m of raw sewage.

Newton et al. (1961) studied the anaerobic treatment of brewery
wastes. Theirvresuits shomed an average 96% BOD reduction/at a loading
rate of 1.58 kg_BOD/m3/day.‘Aecdrding to these workers, loading up to
2.8 kg BOD/m>/day could be handled-with a remov'al e?ficiency of 92 to
974, No data were obtained on quantities of gas produced but the
assumpt1on was that cons1derab1e supplementary - fuel would be requ1red

-

for dlgester heating. Probably the maJor problem in the anaerob1c
treatment of bremery was tes 1s the1r extreme var1at1on in compos1t1on
| O'Rourke:and fom]inSon (1962) demonstrated th1s po1nt wh11e studying the
waste compos1t1on of a 1arge brewery The concentrat1on of b1o1og1ca1
'deqradable organic matter var1ed from 24 to 4820 mg/1 in hour1y compos1te
samp]es wh11e CoD varted from 128 to 8420 mg/1. The pH range was -
‘between 3. 64 and 7.1 during a 24 hour per1od GeneraT]y, extreme peaks
“in BOD and CoD eorresponded closely to brew time, Despite all these
yariations; the biological system studied was 99% effiCient_ih the
utilization of the so]ub]e biologically. degradable organ1c materials
‘1n the wastes. \ _

- Lowan- and Foree (1q71) examined application of the anaerobic .' o
filter treatment for brewery press 11quor waste. The greatest

- efficiency -of COD removal (90%) was accomp11shed in the bpttom 6



inches of the filter at a loading rate of 1.6 kg COD/m3/day at 35°c,
The efficfency of COD removal did not significantly increase ih/the
next 4 feet of the ti]ter. This type of filter c6u1d be operated
for long periods 6f time without sludge wasting, however, periodicat
backwash had to be applied ih order to avoid serious plugging problems.

| Stander (1967) operated an anaerobic treatment plant for wtne
distillery Wasteélat a maximum organic load of 3.2 kg COb/m3/day'at
30°C, representin§-7.2 days retention period. During the steady state
operatioh.period, gas production reached about 14 - i5‘1itres/11ter
ef feed. It.was observed that!gasAprodUCtion dec]fned ragid]@ after
.a short ihterruption in the feed supply and virtually ceased after
| two to four hours 1nterrupt1on In addition, ‘when the effect of the
‘ reactor temperature was exam1ned, it was found that the increase
in temperature by 10°C in the range 15 - 30°C approx1mate1y doubled
" the biological activity and thus_doub}ed the permlss1ve load rate. .
IncreaSe~to_45°C resulted in a sharb decline of biological activity
and extended.acc1imatiiatfqn was‘rédhired. The maximum Toading rate
- was lower than that at 3590 indicating ﬁnefficiency'ot utilization.

Seh and Bhaskaran,(1962) Studjed the anaerebic digestion:of
'1iqu{d wasteS“of moiasses distii]ation-process; They reperted 90% BQDF
reducttoh'with ]oadihg rate Qf 3.0 kg BOD/m3/day operating'at_379§.
The increase of the 10ading rate to 3.7 kg BOD/m3/day resh]ted in.
incomplete d1gest1on followed by the d1gester failure. The rec1rcu1at1on )
of CO2 resulted in further reduct1on of BOD and in an increased percen-
tage of CH4 in- the gas phase.

‘A comparat1ve study by Basu and LeC]erc (1973) onthe treatment
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of wastes from a beet mo]asses d1st111ery indicated that there was no
d1st1nct advantage or justification in 1ncrea51ng’thE”aT§Ester
temperature from 35 to 55°C. BOD removal was reported to be only
s11ght1y h1gher at the thermophllwc temperature range at organ1c
loading of 2.0 kg BOD/m /day. At both temperatures, rap1d decrease
in treatment eff1c1enc1es occured when the 1oad1ng rate was 1ncreased
to 3. 52 kg BOD/m /day. The thermoph111c d1gester exhibited more
variation in day to day BOD reduction and suscept1b111ty to yartation ~
in pH.. ' » | | | -
The anaerobic,fitter.system was app]ied for the treatment of
‘.pharmaceutica1<wastes (Sachs et al. v197é) The system Was operated
at 35°C and 36 hours retention t1me With 1nf1uent concentrat1on of .
2.0 kg COD/m /day, COD remova] ranged from 70 to 80%, and BOD remova]
was about 94% Gas product1on averaged about 0 5 1/hour When compared
.to an ex1st1ng aerob1c treatment p]ant the anaerob1c f11ter was found. »

to be a]most 33% more eff1c1ent in COD ut111zat1on remov1ng 1. 34 kg

i COD/m /day, as compared to O, 90 kg COD/m /day wh11e shorten1ng the

;retent1on time by a factor of f1ve (8 days versus 36 hours for
anaerob1c f11ter) The 1ncrease in 1oad1ng rate to 6.0 kg COD/m /day
.resulted in. 1ncomp1ete COD reduct1on._ : »

In contrast Jennett and Denn1s (1975) reported using 1oad1ng
grates rang1ng from 0 22 to 3 52 kg COD/m /day for ‘the anaerob1c filter
.treatment of pharmaceut1ca1 waste at 35°C At retent1on t1mes rang1ng
. from 12 to 48 hours, in-all cases at least 93 7% COD reduction was

'ach1eved The reactor was ab]e to operate over a six month per1od

- .
w1thout the need for solids d1sposa1 Shock loads in organic{]oad1ng



‘were'reported to -have no significant inf]uence on treatment
efficiency. . | J | '

Efffuent fromvproductton of bakersvyeast qu subjected to
anaerobic treatment at 30°C.(Hansford and Richter, 1975). With
effluent strength'of 16.0 kg COD/m3/day, 60 ‘to .70% COD reduction
- was ach1eved at hydrau11c retent1on t1mes vary1ng from 5 to 10 days
vReduct1on in the vo]at1]e content of dissolved so11ds fol]owed

closely the COD reduct1on, both averag1ng about 62%. Re]at1ve1y 10w

'reduct1on 40 - 50%, was reported for total d1sso1ved solids as the

' waste contained a h1qh port1on of soluble organ1c salts. Gas production .

was found to be susceptible to changes 1n-1oad1ng rates.vIncrease‘in
organic loading rate to 21.0 kg COD/m3/day resulted. in fermenter
.fai1ure. “ |

s 3. 2 S]aughterhouse and Meat Process1ng¥Wastes

| The anaerob1c d1gest1on 1s espec1a11y su1ted to meat packing
wastes, as they~conta1n apprec1ab1e anmuntsjof fats, prote1ns, and
high concentration of other nutrients,-a11 of which are essential
- for good blolog1ca1 treatment | ‘. |
Fu]len (1953) descrﬁbed the operat1on of an anaerobic dwgester
at the w11son & Co. pack1ng plant at Albert Lee, Minnesota, bu11t
,after pilot plant exper1menta] stud1es w1th retent1on t1me of 24 to
30 hours, more than 90% BOD was removed at 1oad1ng rates rang1ng |
_ from 0.98 to 1.30 kg BOD/m /day. The temperature of the d1gester .
‘averaged 35° C throughout the study. To ach1eve better separat1on of
so11ds, degass1f1cat1on3was emp1oyed
| The treatment at Geo’ A. Hormel & Co. at Aust1n M1nnesota,»k

(schroepfer et al., 1955, Steffen and Bedker, 1961) averaged 96% BOD

‘17



removal A]though the 1oad1ng rates were significantly h1gher - 1.6 to
3 2'kg BOD/m /day, the retent1on per1od was only 3 - 4 hours on total
flow and 12 - 15 hours on the raw waste f]ow. The digester gis produced
contained approximately\QS% CHy. Recycling of so[tds from the settling
tank increased the efftciency of treatment‘to a point where”the full
]oad‘from the olant, wi thout bypassing the'most dilute portions, was
‘succesSfu11y,treated'by anaerobie digestion. o

The waste treatment operation at the Wilson & Co. plant at

Cherokee Iowa, employéd both anaerobic and aerob1c treatment (Hester s

and McClurg, 1970). Over the per1od of four years, almost 80% BOD removal

. was averaged in an anaerob1c ce]] at 7-8 days retention per1od The
_aerobic treatment was used as a "po]1sh1ng" step to remoye further BOD.
The overa]] treatment was reported to ‘be 92-95% eff1c1ent

Baker and Nh1te (1971) descr1bed comb1ned anaerobic lagoons and
1tr1ck11ng filters to treatJthe“Waste from a meat pack1ng p]ant at
Denison, Iowa. The raw waste was first pre—treated by air f]oatat1onvto
remove greasevbefore entering anaerobic Tagoons. Over the periodvof two
years, average BOD-removal was 82% at 0.47 kg'BOD/m3/dayv1oadingvrate‘
and a retention time ot 5 days.The operating temperature within thel
_ylagoon averaged 20 50¢. Further BOD removal was achleved by treating
the d1scharged eff]uent in tr1ck11ng f11ters The»overall efficiency
of the treatment exceeded 95% BOD removal. | “

Anaerobic lagoons were ‘also used to. treat waste water in Un1on
City, Tennessee (Sauc1er 1969). ‘With a Toad of O 98 kg BOD/m /day, the
BOD remova] averaged 86% The cost of the treatment was est1mated

‘at 15 4$/kg BOD removed

18



. The treatment at Parity Packing Co. in Knox City, Tennessee, was
. ~ reported to remove in excess bf 99% of BODW(Saucier, 1969). HoweQef,'
\"°the cost. of the treatment was estimated to be as high as 280%/kg of

- BOD removed. - . |
Sollo (1960) described the operation of an anaerobic pond for
treatment of meat wastes. On the average, BOD reduction tn excess
of 85% inthSE was reported..ln another study (Coefver, 1964), the same
tYPé of treatment was'92—%4% efficient in BOD redea]. The packinghouse
- wastes, whfch'inc]Uded blood and pouch mahﬁre, were succeésfu]]y
treated in low cost anaerobic ponds without a significant nuisance
or health hazard.
| Cowie (1960) described the oberation of an anaerobic digester
for treatment of meat précessing wastes in New Zealand. Overfthevperiod
of_tﬁé years,.BOD removal averaged more than 90% at a retention tiéé'
of.14ﬂday§, and-a temperature of 17.7°C. The éff]uent waé further trea?ed
by sedimentation. | | | |
_ Schroepfer and Ziemke (1959) examined the effect of temperature,
1oading rate,.sofids concentration and mixing on the treatmeht of different
wasteé on a small iaborafory s&a]e‘ Using meat backing wastes as one
of the substrates, 16ad1ng rates up toa4.0 kg BOD/m3d$y resulted in better
.than 90% BOD rehova1 when operated at 359C.:when the operating N

perature was decreased td 25°C, the maximum loading rate had to be

ired to 1.44 kg BOD/m3/day in order to achieve 90% or more BOD
. A marked reduction in the degreé of BOD removal was reported
xing was nof provided. The gas prodaced contained on the

4

average 90% CH,.
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2.3.;3 Dairy Industry

Most dairy plant wastes respond quite well to b101o§ica1.treat-
ments. The composition of these wastes is somewhat similar to that
of domestic sewage, but in effect, much more concentrated. For this
rea#on, at least two successive treatmeht stages are required in order
foé discharged eff]uént to meet municipal and governmental standards.

i
l
i

Dairy. wastes are usually treated by b1ologica1 oxidation methods.

Moft common are act1vated sludge, trickling filter, aerated lagoons and

a tombination of these. The efficiency of these treatments is generally
| .

.
1nfexcess of 90%. | e

r

. The use of anaerobic process to stab111ze the da1ry processing
wastes appears to be Timited, even though 1t has been practised for

many years in small dairy operations by means of septic tanks. On a

large scale, anaerobic process has not been successful as a complete

- treatment.The final effluent is of poor quality and does not meet stream

} dischargé standards. However, when combined with other treatments,

.§ anaerobic digestion offers an efficient, low cost pre-treatment

L /
|process,
i

x Parker (1971) examined the poss1b111zi of methane product1on from
Whey. On a pilot sca]e BOD reduct1on of 99% was achieved with the

rétent1on time of 6-7 days and a temperature of 35°C. ‘The gas product1on

averaged 31 m" /m of waste.

A

A two stage whey treatment process was designed by Holder et al.

(1978). The whey was readi]y stabilized by anaerObic digestion followed

by ah aerobic stage. An initial load of 60 kg COD/m3/day was reduced
jn thé anaerobic stage to about 1.0 kg COD/m3/day and further reduced to

0.1 kgtCOD/m3/day by the aerobic treatment. The gas production was,

20
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30 m3/m3 of raw waste with a CH4 average content of 45%,. COD reduction

of 98.5% was achieved at 1oading rates up to 13.0 kg COD/m /day.

A further increase to 16, 5 kg COD/m /day resulted in digester fa1]ure
Cleaning liquidy and wastes from milk trucks are highly alkaline

and contain detergent formulations and small quantities of milk.

When subjected to anaerobic digestion at 31°C (Aulenbach and Ha]]ock

1972) 71% of COD was removed at pH 7.1 and a 7 day retention t1me

No gas production was observed under these conditions. Interestingly,

when the pH of'the digester was adjusted to 8.1, an inerease in COD

reduction to 77% was observed coupled with the gas prodection of

0.38 m>/kg COD removed.

2.3.4 Canning Industry

The efficiency of the anaerobic process for treatment of wastes.
from the canningiindustry'exhibits,a high degree of variatioq among .
the reported studies. ‘

- Canham (1949) described the operation of a bi1otip1ant at Ladoga,
Indiana. The average BOD reduc¢tion was 39.8% at a loading rate of
O.Gé kg BOD/m3/day and a temperature of 15 to 24°C. The pH of the
digester was mﬁtntained at 6.5 during the investieztion. Simi]ar'BOD
reduction (average 40%) was obtained for the treatment of tomato and
lima bean canning wastes by anaerobic 1agoone with the digester loading
rate averaging 0.54 kg BOD/m /day (Canham, 1951). _

Oliver and Duns tan (1955) reported more than 90% BOD reduct1on‘
for anaerobic treatment of pea- b]ancher waste. The loading rate of
2 08 kg BOD/m /day and retention per1od of 10 days were used.

The 1ncrease of ‘loading rate up to 3.36 kg BOD/m /day had no adverse

effect on the digester efficiency. It was reported that the use of



NAOH for pH control coincided with the inhibition of methane produc-
tion. | |

| Norgaard et al. (1960) studied the problem of seasonal qjécharge
of waste from fruit canning plants in the S;n Jose area. During the
canning season, increases were noted for the average weekly flow (from

3

7 x 107 to 1.2 x 104m3), suspended solids loading (from 59 to 100 fons)

and 'BOD loading (from 45 to 190 tons). The pilot plant available for the |

study was operated only for a few canning seasons. The temperature was

maintained between 26 and 29°C; however, the anaerobic treatment fai]ed

to remove sufficient BOD to justify further consideration of its use.
Parker (1966) describéd:the treatment of food canﬁfng wastes by

lagoons and ditches in Shepparton, Australia. The treatment consisted

of the distinct but closely integrated insta11ations including aerobic

and anaerobic lagoons and an oxidation ditch. An effective treatment

(on the average 75-80% BOD keductiqn) was~ach5eved)ﬁn both anaerobic and

plant effluents to éssufe adequate supply of nitrogen and phosphate.
The ma;imum loading rate varied.accprding'to the type of fruit-or
vegetabies from 0.73 kg BOD/m3/day during thé cffrus opération peak
to 1.5 kg BOD/m3/day for tomato and qb to 2.2 kg BOD/m3/day'for the'
fruit processing peak.

ch&rding»ﬁo work conducted by the California StatéOWater Resources
Control Board (i968), the most effective digestion of‘fruit”cannery
waste was achieved at a hydraulic retention time 10-15 days. The maxfmum
.1oading rates reached O.%s kg VS/m3/day'and 8.0 kg VS/m3/day for raw and

settled canning waste systems respectively. The averége BOD removal

efficiencies were less than 25%. The gas production averaged about
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~concentration.

:
- B N

0.31 m3/kg of volatile gp]ids destyroyed with methane content of 44-45%,
Parker and Skerry (1971) reported an average BOD reductioh‘gf
75-80% over the period of two years for canning waste treatment at
1 Sheppartoh, Australia. Although the maximum loading rate used was
1.5 kg BOD/m3[day at 30°C, they suggested that hrovided‘the BOD:ni trogen
ratio is held below 50:1, organic loading up to 2.2 kg BOD/m3/day wifh
80% BOD remoVal‘Fanvbe achieved, |
‘Van den Berg and Lentz (1971, 1972) examined the application
of anaerobic digestion for treatment of pean wastes}‘COD removal
efficiency»up to 95% was reported, depending on liquid retention
time, bqt independent of the volatile so]ids loading rate; The treat-
ment was satisfactory over the range of volatile solids loading rates
from 1.6 to 7.3 kg VS/m3/day and retentjgn times of 0.5 to 30 days. .

The supp]ementation with ammonia, pheéphgte salts and yeast extract

\

tested. This is somewhat unusual as the nutrients are genera14y -

required in proportwon to the m1crob1a1 mass rather than at- fixed )
~~~~~ --—-*—"‘"/—'/f - \\\.

2.3.5 Potato and Starch Industry

Stander (1957) experimented wfth the'a'aerebic digegtion of waste
from a corn starch processing plant. The re ention period ranged'from.
3.1 to 4.7 days debehding upon whether the H,S produced during the
fermentation was removed or not, The final effluent had to be mixed
with domestic sewage and further treated"bywtrick1ihg-fiiter.

Ling (1961) subjecfed the wastes from a starch-gluten plant to

anaerobicﬁdigeStionf The average we%k]y reduction of total volatile

L/

S—— - ~

/
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solids was 80% at a loading rate of 1.6 kg VS/m3/day. retention time of
3.8 days and a t mperatu;e of 35°C. By recycling the settled biological
sludge the reteqzion period was shortened to 14 hours at 2.1 kg VS/m3/
day with 72% vyﬁatile solids being remdyed.

| Hindin agd Dunstan (1963) demonstrated that the mixture of up to
50% of pot;f; chjp wastes in raw s ludge can be satisfactorily treated
by‘anaerdgic digéstion. The increase of the potato chip portion over
75%,ré§u1ted 1n“pqor_digestion due to mafn]y nutritioaal deficiencies.
‘Wigh the‘éotato/éhip content g}eater than 25% of total, the treatment
eff}ciency'wqgﬁbreatly affected by a change in temperature, or waSte
'composition4ﬁn1ess ammonium and phosphate salts were added. Gas
/ prodg;tign increased from 4.3 to 4.8 m3/kg VS added as the amount of
p afo chip portion in the waste increased from 1 to 75% respectively.
At the same time, relatively stable CH4 cpntent of the gas was
reported while the HZS éoncentration decréased with an increase in

proportion of potato chip in the feed. The reverse was true for CO2 '

~  gas content.

Fossum et al. (1964) demonstrated that/potato processing wastes
) . "'(: ’.

. can be readj]y digested when combined with domestic sqﬁdge, eyen when

ffﬁe ofganic load from the prctéssiﬁg plant is approximately 15 times
. i .

that of the domestic sewage. | -

- 2.4-Biochemical and Microbiological Background of the Anaerobic

- Waste Treatment.

In the anaérobic digestiéh, the stabi]ization is brought about by

a bacteridl action. The end result is the conversion of complex organic

kN

“molecules into stable end products, i.e. decomposition of organic carbon
. cdntaining compounds into fully oxidized and reduced carbon forms, CO2
o .

and CH, respectively. A portion of the organic matter is utilized for

4

g
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cellular material of the orqanisms present in the system; some 1nért
or non-degradable fractions of organic material accumu1ate.1n reactor
in the form of solids,

The actual produgtiqn of methane fnvolves two distinct, sequential
phases, each of which is dependent on a different group of bacteria
specific to that particular stage (Toerien and Hattingh, 1969).

The first, noanefhanogenic, stage consists matnly of the hy;:r-
lysis and redpction of various complex organic compounds to organic
acids, aldehydes and alcohols. Since this is brought about by the
metabolic action of common aerobic and facultative organisms 1t
prdceeds at fapid rate.

In the second, methanogenic phase, the end products formen in the
first stage are metabolized by a strigt]y anaerobic group of organisms,
reffered to as "methane formers". This results in the formation of

C02 and CH,, The rate of reaction, as compared to the first stage,

4°
is relatively slow with very little heat being generated.

In any mixed culture, such as that in the énaerobic digester, many
organisms are dependent on others for their growth. This could:be due
to the enhancement of the growgh or its inhibition by the accumulation
of certain metabolic intermediates or end products.

'Most of the attenfion of researchers to date wa‘kdevoted to
isolation and characterization of methane forming organisms and

» & .

their biochemical behaviour. As a’result, the microbiology of the

£

non-methanogenic phase is not well understood, although the presence

of different physiological groups of bacteria has been dembnstrated.
Xme variations in substrate composition make

The complexity and ex

,’ . ! /{'.

-
4
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the complete dnderstanding.of its microbiology almost impossible.

2 4.1 H1crob1o1ogy of the Non- Methahogen1c Phase

In one of the ear11er stud1es of the dwgester s]udge m1croflora
_Hotchkiss (1924) reported the" presence of den1tr1 d, albuen
digesting and HZS producing bacter1a

Hungate (1Q50) isolated severa] stra1ns of . ce]]u]o]yt1c bacter1a .
- from. anaerob1c d1qester Their total numbers ranged from 8 X 102 to

3 per ml, thus be1ng somewhat Tower than results published by

4

Maki (1954) who reported 1.6 x 107 to 9.7 x 105 cellulolytic bacteria

per m] of s]udge

Synerg1st1c‘function of Streptococcus diploidus With other
bacteria in the 1iquefaction and gaasification'of volatile solids
present in s]udge was reported by Keefer et al. (1953)'

The presence of aerobic and facu]tat1ve anaerobic bacteria of

Ve [d

~ the fam11zes Pseudomonaceae Achromobacter1aceae and Enterobacteriaceae
! L 3

was estab11shed by McK1nney et al. (1958).
| McCarty gt.al (1962) stud1ed the k1net1cs of anaerobic d1gest10n

-using a synthe%ic $ubstrate3nThe bacter1a1 count of d1gester that

received fatty ac1ds and prote1ns ranged from 2 x 106 to 2 X 107

@

ce11s
per ml, wh11e those rece1v1ng carbohydrates ranged from 1.5 x 107 to
' ,3 5 x 108 ce]ls per ml. In1t1a11y, the predom1nant organism found was

' Escher1ch1a c011, 9 x 106 cells per ml, however 1t disappeared after

peration. It was suggesteddthat these organisms may

~several mont

. ptay-an imp'rtant role only in the tnttial stages of reactor}start-dp.
This Wasv{; ir d by Toerien (1967) who was not able to.isoiate

'v_ooliforms@directly‘from digesting sludge aftEr ten;months:of operatjon

: b t PO
unless an enrichment procedure was used.

v
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. ‘ ' <
McKinney (1962) suggested that the non-methanogenic microfliora of

the anaerobic digester consists mainly of facultative bacteria'with

’)few strict anaerobes. This concept was questioned by Toerien et al.

10

8 t0 1.5 x 10Y

(1967) who'répggﬁed 3.9 x 10 obligate anaerobic and

5

8 x 10” to 1 «x 108 aerobic and facu1tative-non-methanogenic bacteria

 perrml of digested sludge. Furthermore, these authors found a highly

significant correlation between obligate anaerobic non-methanogenic

Hbacterial numbers and DNA contents of the digesters. Kotze gg.gl.

(1968) usfng‘this concept’indicatedlthat a much larger nunber of
bacter1a1 cells must have been. present in the d1gester than were o
accounted for by the the aerob1c counts.'

In spite of a]] the research, uncertainty st111 exists about’

the actual ro]es of facu1tat1ve and ob11qate anaerobes in the d1gest1on

~

vprocess

2.4.2 M1crob1o1ogy of the Methan09en1c Phase

In general, the term methane or methanoqen1c bacteria refers to

the group of strictly anaerob1c.m1cr09rgan1sms'produc1ng methane as

u_their metabolic byebroduct. Although there is a great morpho]ogfca1

3

diversity among these organisms, they do have a number of similar

%

attributes(Smith, 1965, Bryant et al., 1971, Goiueke, 1958):
(i) They:are all obTigate anaerobesvwith great sensitivity to ‘
oxygen. x . | : %
”\e.(ii) Their “substrate and nutritional requirements are simple and
| narrow. : | - PR ‘ | o
(1ii)'They'grow on1y\near neutral pH. ‘ |

(iv) They can grow over a wide range eﬂﬁtemperatures.

LY ¥



With the exception of Methanobacterium ruminantium, isolated from

the rumen of f1stu1ated catt]e and sheep (Smith and Hungate 1958), .
all the other methanogenic: bacter1a were isolated ?rom river or lake
" muds and sewage sludges (Stadtman and Barker, 1951; Mylroie and
Hungate, 1954). O |
The various Species of methane bacteria'that have been iso]ated,
their substrate-characteristics and classification as presented by
Barker (1956), is given in Table 2. o - ;
Extreme sens1t1v1ty of these organisms to oxygen and an incom-
plete understanding of the1r nutritional requ1rements makes any
‘1solat1on in a pure cu]ture a d1ff1cu1t task. Smith (1965) studied

the effect of oxygen on cell viability using pure tu]tures of o

M. rum1nant1um M form1c1cum and M. barkeri and concluded that

these organ1sms d]e at a‘rate of approx1mate1y one»]og unit per

g m1nute exposure to oxygen.

~
>

‘Earlier tox1co]og1ca] stud1es indicated that the methanogen1c
bacteria grow sat1sfactor11y in media conta1n1ng the usua] n1tr1te
salts, C02, a reducing agent, an oxidizable compound , ammpnia, and
sulfide (Barker, 1956). Speece and McCarty (1964) used synthet1c

substrates to study the nutr1t1ona1 requ1rements of a mixed methane

bacteria culture. They reported that the amount of‘inorganic salts had

to be tripled when carbohydrates'were used as a substrate; as
“compared to fats and protein substrates, in order to ma1nta1n ‘methane
| product1on. An equat1on was proposed to ca1cu1ate the nwtrogen
frequ1rement of organ1sms us1ng cellular organic n1trogen concentra-
t1on, sludge retent1on time, loading rate and process eff1c1ency.

© ~

The phosphorus requ1rement for ‘same substrates was approx1mate1y
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Table 2:

Fgmily:

Classificatidn of MethZne Bacteria

(after Barker, 1956) : K

Methanobacteriacea - i

1. Rod-Shaped Cells.

(a)

(b)

=

o . ) ’ \ . “« ‘ :
Non-Sporulating: Methanobacterium -

M.  formicicum: formate, CO,, hydrogen
e . 3 E

. propionicum: propionate

.. sohngenii: acetate, n-butyrate -

| =

‘M. suboxxdans& butyrate, va]érage, caproate . -

Sporulating: Methanobacillus

M. omelianskii: primary and secondary a]coho]s, H2,a002

2. Spherical Cells

(a)

(b)

Cells not in sarcina arrangement: Methanococcus

M. mazei: acetate, butyrate

M. vannielii: formate, hydrogen

Cells in sarcina arrangement: Methanosarcina

M. barkeri: methano], acetate, CQZ’,HZ

(e

‘M. methanica: acetate, butyrate



1/5 to 1/7 of the nitrogen:

Smith and Hungate (1958) reported that M. fuminantium required
- unknown growth factofs present in rumen fluid but absent n many other
commonly used nutrients such as yeast extract or peptones. This was

¥ v : ' : - o
confirmed by Bryant (1965) who was able to separate this growth

- factor into two fraCt1ons by acidification and ether extraction.

Two vo]at11e fatty ac1ds, acetate and 2- methy1 butyric acid, present
in rumen fluid were essential for growth of M. rum1nant1um stra1p:y-l.
Optimum concentrat1on of acetate was 16 20 mM, suggest1ng that 1tvacts
as a maJor carbon source for the stra1n M 1. The 2- methy] butyric | .
acid was requ1red in concentrat1ons_of aboutﬂ0.0S mM. More than 90%
ot_itkwas tncorporated into. protein, and all of'this was present fn
'so]euctne (Robinson . and AT]tson 1969) “This indicates that‘M. numinan—
t1um ‘strain M- 1 lacks the ability to ass1m11ate eff1c1ent1y 1so1euc1ne
" from the substrate Instead, 1t can biosynthesize isoleucine via the
reductive carboxylation reaction. o _

‘ Tne ether,eXtractab]e'growth factok mentioned by Bryant (1965),‘
has not been identified. It 1s re]at1ve1y stab]e orqan1c compound -
found in rumen f1u1d and produced by M. ruminantium stra1n PS,
_strain of M. barkeri, and by M. ome11ansk11 strain MOH.

Bryant é}hgl.‘(1971)‘studied tne nutritional requirements of

M. omelianskii strain MOH; The basic requirements were found to be
’simi]ar:to'M ruminantium with the eiception that acetate was not

required.’ Instead C02 was identified as the maaor carbon source.

The growth of stra1n MOH was directly proport1onal to the amount of C02‘

supplied at‘1ow concentrat1ons. Similarly, as with m,trum1 antium,
ammonia served as the main nitrogen«source. Neither’peptidjs o
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nor amino acids could be substituted, One or‘more vitamin B complexes
were either'stimu1atory or essential for the growth- The dejetion
‘of 812 or folic acid s1gp1f1cant1y depressed growth

Ammon1a serves as-a main n1trogen source for me thanogenic
‘bacter1a. However, severe tox1c1ty was reported (McCarty and McKinney,
1961) when free ammonia concentration‘exceed d 150 mg/1. Similarly,
sulfides exhihited‘a toxic‘effect when\their concentration exceeded
200 mg/1. , L o o

Of great concern is the tox1c1ty of the substrates due to the |
presence of heavy metals. Lawrence and McCarty (1065) examtned the use
:of.su]fates to precipitate heayy metals to contro]ythe]r toxic effect.
, EXperimentandigeeters'were fed with doses of heavy metal salts and
stochiometricaly equivaTent-doSes of sulfate salts. The ionic heavy
metal concentration reached a level of several hundred mg/] but no,
toxic effect was observed and all fermenters performed sat1sfactor11y
When sulfate salts were substltuted’w1th ch]or1de‘$a1ts, the gas
production was a1most-eomp1ete1y inhibited;/}t Was suggested that
' su]fate salts were biologically broken,doWn to sulfides which in turn
~ reacted w1th - and prec1p1tated - heavy metal. sa]ts :

A controversy still exists about the role of vo]at11e organ1c
acids in toxicity and its control. Methane produc1ng bacterja grow
“only at a pH range of 6. 4rto 7 5. In properly balanced fermenters,
pH is contro]]ed automat1ca11y by the biochemical reactions. Volatile
organic acids” produced dur1ng the breakdown of complex organic substra-
tes tend to reduce the pH, however, th1s is counter-bdlanced by thETF
degradatwon and regenerat1on of b1carbonate buffer during the methane

formatlon. Under unba]anced conditions, the rate of ac1d formation
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“exceeds that of its utilization resulting in decreased pH and thus
inhibiting methane formation. |

ﬂ2 4.3 Blochem1stry of the Non- Methanogen1c Phase

‘The composition and complexity of food process1ng wastes varies
@ith the type of industry, raw starting‘materia]s, etc. The following
is aebrief commentary. oh major biochemical pathways and reactions
involved in the breakdown of complex organic substrates by.the
mi croagganisms (Lehninger, 1972).

(i) Carbohydrates |

8

Lo~

Carbohydrates are polyhydroxy11c a]dehydes or ketones with the
.empirical formula (GH20;6. For_c1a551f1cat10n purposes, they are
'divided into three basic groups:
(a) Monosaccharides or simp{e‘sogars consisting'of a single
‘ po]yHydroxy-a1dehyde»or ketone unit.
{b) Oligosaccharidegwpontaining from two to ten monogaccharide
units jo’ined‘ih g]y.co‘sidic linkages.
(c) Po]ysaccharidesvconsisting of -‘1long chains of monosaccharide units.
2 The overﬁhelming bulk of darbohydrates found in nature is in |

the form of high molecular weighf polysaccharides, namely starch and

" cellulose.

« . Starch, the predominant storage polysaccharide in p1ahfs occurs
. in two forme, a]phafamyiose abd amy1opethn.

A]pha—anwlose'is composed of long, unbranched ohains of D-glucose
joined bykanha 1-4 glycosidic linkage. Depending on the origin; |
mo]ecuiar weight'varies from a_fewvthousaoo up to 500 000 daltons.

Amy]opectin, on_the'other ﬁand, %s branched via the alpha 1-6



glycasidic Tinkage.'Both forms of starch can be broken down
enzyma}jca11y or byfacid to individual monosaccharides or their deriva-
_ tives;. | |

' Cellulose is the most abundant structural material'in plants. Its
backbone consists.of D-g]ucosé units joingd by the béta 1-4 linkage.

McCarty ét al. (1962)'demonstrated, uging C141abé11ed substrate
that carbohydrates are utilized via Embden Meyerhof and hexose-mono-
phosphate pathways dur1ng the course of anaerobic d1gest1on Us1ng the
" presence and activities of different enzymes from g]yco]yt1c.andd
TCA cycles, Haftingh et al. (1967) observed proportional increases
in fructose—G-P\kinase activity with the increase'in gas'praductidn.
Since this_enzyme‘is éonsidered to be rate.limiting in the gTyco]itic
'pathway, its presence>indftated tﬁat'EMP pathWay was functional,

- Study by Kotze g;_gl.»(1968) established the presence oflg]yco]ytic
‘and giyoxy1ate pathway enzymes. G]ucose—S—PQdehydrogenaée activity,
indicating thé presenée of hexose-monophosphate shunt, was detected
- only fn digesters receiving synthetic substrate.

(1) Lipids "'

The term lipids refers to a heterogenous group of water 1nso]ub1e
‘organ1c substihces found in cells. They are extract£b1e by non- polar
-sokvents such as‘ether or chloroform. Some of the most. prominent
éroups are:

(a) Fatty aéids, characterized by long hydEocarbon éhains.
1and a termina1‘¢arboxy1 group. The chain may be séturated or {t may
have up tofthree double bonds. Nearly all have even number of carbon
atoms, usually ranging from 14 to 22, The most cammon are 16 to 18 |

carbon units.

o
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(b) Neutral fats (acyig]ycernls) are fatty acid esters of the
a]coh01“g1ycero]. Depending upon the degree of esterification, they are
present as mono-, di-, or triacyl gl&cero1s. Triglycerols are
most common in nature and serve as energy and/or food storage. .

(c) Phosphoglycerides are characterized by having one of the x
priqaryfhydroxy1‘groups of glycerol esterified fb phosphoric acid
insteaé/of the natty acid. In addition, they contain two fatty acid
residues esterifned to the other hydroxy]ngroups of glycerol.

Other forms of lipias include waxes., steroids, tefpenes, sphingo-
lipids and g1yco1fpids.

For fatty acids to undergo actfvation and oxidative degradation.

they-must be in the free, non-esterified form. Neutral fats and phospho-

| g]ycenides aré thus hydrolyzed by specific enzymes, lipases and/or

phosphb]ipaSes, ﬁo”frée fatty acids ‘and glycerol. The long chain
fatﬁy acids are in turn activated by thiokinases to form fatty acyl
carnitine esters Once w1th1n the mitochondrial membrane, fatty acyl
coenzyme A units are removed vha beta- ox1dat1on mechanism. . This last
process is repeated until the fatty ac1d is completely broken down

to 1nd1v1Hua1 acetate un1ts, as exemp11f1ed by the. degradat1on of

pa1m1t1c ac1d

i
\
)

‘\\ . . } ¢ +
§H3(CH2)14COOH + 7 H20 8 CH3C00H + 14 H

\
\
3

The preseﬁce of this two stage degradation mechanism has been

4emonstrated by\Stadtman and Barker (1951). This was later confirmed

14

b& McCarty et al. (1962) by using C tracers of palmitic and N
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#
octanL1d acids. ‘ ’

Chynoweth and Mah (1971) reported the format1on of acetate from
chem1éa11y pure palmitate at a rate similar to that of the lipid
extract of raw sludge suggesting the presence of a beta-oridation

system, The addition of C14

palmitic acid to a FHC]3 - inhibited system
resulted in formation of butyrate at almost twenty times the rate of
acetate and five times the rate of propionate. It was suggested that
some secondary reaction involving acetate and/or pr0p1onate acted as
hydrogen remova] since methanogenesis was inhibited. This assumpt1on
was partially confirmed when radioactively labelled acetate was found
to be converted much faster into formate and butyrate in an inhibi ted
rather than .uninhibited eludge (Chynoweth and Mah, 1971). It leaves

a possibility that butyrate formation indicates some a]ternative’

to the beta—ox{dation mechanism, |

| (ii1) Prote1ns - | P
| Proteins are considered to be a basic requirement of 11fe They

constitute more than fifty percent of dry weight of bio1ogica1 cells
and are intimately connected with all chemita1 and physiba],functions
and activities of the cell.

Prote1ns are made up of one or more po]ypept1de chains containing
alpha-amino ac1d residues covalently linked together by peptide bonds.
" Regardless of their origin, all proteins are made from a basic pool
of 20 amino acids, arranged‘in specific sequences. It is the sequence
that gives protein its functional properties.

For proteins to be uti]iied by microorganisms, they must
undergo extrace]]u]ar enzymatic hydrolysis by proteases and peptidases.

-

The resulting amino acids are then transported into the cell where



they are further degraded.

Jeris (1962) reported acetic,acid to be one of the major organic
acids formed during anaerobic férméntation of proteinaceous material.
Thiel and Hattingh (1967) reported high activities of the.enzyme
glutamate deﬁydrogenase which catalyzes oxidative deamination of
glutamate to alpha-ketoglutarate and ammonia. The glutamate-pyruvate
transaminase was also found quite active indicafing high rate of relea-
se and/or fixation of ammonia and rapid turnover in the aming acid
metabolism in a digester receiving several different substrates.

2.4.4 Biochemistry of the Methanogenic Phase

First attempts to reveal the actual biochemistry of bacterial
methane production were met with only limited success.

Initially, who]e'ce1ls,wl§h their complex intracellular content
were used for experimehts thu§ interfering with some reactions.

The first theory of CO, reduction to COy4 was proposed by Yan
Niel (in Barker, 1956) using éthy1 alcohol as a substrate for

Methanobacillus omelianskii. In this, ethyl alcohol is oxidized to

-acetate and 8 electrons are re]eased to partfcipate in reduction of (0,
to CH4 and HZO'

The advancement in separation and purification of active cell-
free g?tracts of ﬁéthanogenic orgénisms allowed researchers to concen-
trate on the actual mechanisms of CH4‘formation and transfer within the
-ce1l without any interference.

Bryan et al. (1967) demonstrated that;the oxidation of ethyl
alcohol and subsequent reduction to CO, and CH4 was a result of two"
symbfotic organisms. The first organism ("S" oféanism) oxidized

ethyl alcohol to acetate and hydrogen, while the second organism,
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Methanobacillus omelianskii strain MOH, oxidized hydrogen and reduced

CO2 to methane. The carboky1 group}of the pyruvate was indicated as
a precursor of methane via free 602 as an intermediate.
Wood et al. (1965) investigated the role of tetrahydrofolate

(FH4) in the transfer of carbon 3 of serine to methane, using cell-

-free extracts of Methanobacillus omelianskii. When pr%sent, FH4 acted

as the acceptor of the beta-carbon atom of serine to yié]d g]ycine andk
?Nfloﬂ-methyienétetrahydrofo]ate and finally CH4 and FHA. The y
role of ATP iw the mechanism is not well understood, however, its

presence isvrgquired..ln the absence of ATP, 5N10N-methy1enetetra—

hydrofd]ate‘was oxidized via 1ON-formyltetrahydrofo1ate‘t6 formate

[}

and FH4.

-

Blaylock and Stadtman (1966) reported that the amount of labelled

methane formed by crude extract of‘MetHanosartina,barkeri was propor-

tidna] to the methy]coba]amine added. The reactioﬁ_was‘a1m05t 6omp1ete—
ly dependent on the addition of ATP and greatly stimulated by the
coenzyme A, Rehova] of H2 and pyruvate Ffom‘the substrate resulted
in'haTting methane formation from methy]cobalamine as they both

acfed as reducing agents. A]thouéh all of the ribonucleotide tri-
phosphates had a stiﬁulatqry effect on methane production, when added
‘t; the reaction mixtureg, only ADP was found to have a similar effect
of all ribonucleotide diphosphates. This wou]d suggest that ATP rather
than ADP was thé,active compoﬁnd and was generated in the cell extract

- L N
. from endogenous ADP.
14

When 1-"7C pyryvate was used as a substrate, a rapid 1abe111ng '

of COz'and subsequently CH4 was observed indicating that the methane was

14

derived from 1-C of the pyruvaté via COé. When 2-7"C or 3—14C pyruvate <
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_were used, no labelled methane was detected.
Roberton and Wolfe (1969) demonstrated that the conversfon of
“the methyi group of methylcobalamine to methane required catalytic .
amounts of ATP. Once ATP had reacted, free ATP was no longer requ1red |
The effect of ATP; added at d1fferent phys1o1ogica1 stages of
the methanogen1c culture, one methane product1on from methyl 812 was
studied by Pantskhava and Bukin (1972). In their experiment, methane
production was greatly induced when ATP was added during the active
fermentation stage while ADP and AMP additions had very little effect.
The opposi‘te result was obtained when ATP, ADP and AMP were added to

cell-free extract from the slow fermentation stage. In this case, AMP

had stimulatory effect while ATP acted as an ihhibitxxnivSuggestion‘m

. that nucleotides might have requlatory rather than energy donor f!!{?J D,

was forwarded to explain the results.

2.5 Temperature Effect in Anaerdbic NasteeTreq%@gnt

The effect of temperature on treatment'efficiehcy was studied
| by Basﬂ and LeClerc (1973). Working wfth‘molasses disti]1ery\wastes
at mesophi]ic'(35°C) and thermophilic (55°C) temperatunes, they7coh—
cluded that although the treatment efficiehcy was’s1ight1y higher ‘
" at 55°C, the difference was not sufficient to prove it economically
feasible. | ”

Pfeffer (1973) exam1ned the degradation of raw domestlc solid
refuse under a var1ety of temperatures ranging from 35°¢. to 60°C.
The gas production and the rate of BOD ‘reduction at the thermophilic
rate greatly exceeded that et the mesophili¢ rate, however; the
methane content of the dige;ter gas was somewhat lower, ranging from’55

to 62%, as compared to 53 - 70% at the mesophilic tehperature.
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The increase in digester temperature from 50° to Gopﬁfxéﬁdrted 1n
proportionally higher gas production. At the mesopnf?icufange.
higher gas production was observed at 40° C rather than wt 45°C
This agrees with the results published ear]ier«bj'Golueke 11958) who
reported the greatest gas production from raw domestic sewageﬂét 40°c.
At thermophilic conditions, the greatest gas produetion was achieved
at 50°c (Figure 3). Results from both experiments 1nd1cate~¢he possi-
b111ty of a different group of methane produc1ng organﬂsw; foi e;ch
temperature range. L i{

In the second part of his study, Pfeffer (1973) €§5mined the
effect of température and pH on the rate of ce]1u1osé uti]ization

o !
under anaeroBic conditions. At the mesoph111c temperature range, the

rate of Utilization was greatest at 40°C followed b,f;ﬂ;&“ N
whed the pH was lower than 7 0. With aRH ..:..‘-v
the rate of ce JJulose utilizati S 450C exde that at 35%C with

40°C still being the optimum. ‘?."é ﬁ,;

A full scale plant study on feas%bi]ity and performance of an

anaerobic digesteroat 49°C were carried out at Hyperiod%treatment

o

plant in Los Ange]es California, over the per1od Qf one year (Garber,

1954), Operationally, the ‘thermophilic digester has pqsed no problem

with the exception of difficulties associated with maintaining proper
temperature during winter months. 06ce thé:microbia] culture was esta-
blished, the,digestef was quite stable even when the femperature
varied as much és 5°C in 48 hours;¢0rganic loading as high as 3.2 kg
COD/m3/day presented no problem even though the volatile acid content
of the thermoph{iic diges ter was abogt‘G times of that for the meso-

e

philic proceSsi
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id&_product1on ranged

o

. b ‘
° Total gas production and composition were almost identical for

‘ both temperatures.'The method of'mixing and gas recirculation had

little effect on/the course of d1gest1on, prov1ded adequate m1x1ng .
was achieved. - ‘ » o o

A]though not stud1ed in deta11, a change in the genera] micro-
flora was’ observed At 20 C‘£::§7 C the flora cons1sted mainly of B

cocci- organ1sns encapsu]ated by a ge]atlnous sheet while at 49° C

‘rod organ1sms with no ge]at1nous sheet were predom1nant

The second report published by Garber et- a] (1975) descr1bes
the performance of the same treatment p1ant over 2 years of opera-
tion at thermoph111c temperatures In th1s per1od 1oad1ng rates of
2.0 kg VS/m /day had been successfu]]y treated at about 50°C The

actual temperature ,of reactor fluctuated from 46 to 51°C with

" no -adverse £FlEE on treatment eff1c1ency. O

In contrast to the first report, treatment efficiency at the
thermophilic range was Tower than at the mesophilic range for- the

same :Toading rates. COD reduction of 21% at 50°C as compared to

b’d49% at 35. 5 was reported, Gas product1on was s1lght1y hlgher at the.

"P \

. thermophilic. range at 1. 18m /kg of volatile so]1ds destroyed

compared to 1.06m /kg VS destroyed-at 35.5°C with CH4 das content

being a]most equa] .
RPN

Popova and Bolotina (1964) reported some qgta on thg anae- -

robic treatment of nun1c1pa] sewage nt Moscow, USSEm The: treatment

&

p?ant was oper&ted at a mesoph111c (32 6 C) gemperature, 1oad1ng

o

;raté of 2.4 kg ?&/m /day at 12.5 to 20 days retention time. Under these
41,
caﬂ%vtions 43 4 %ji:tructlon of volat11e acids was achieved. Gas

m0.15 to 0.18m3/m> of the reactor, wi th CHy content

4]
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ranging from 62.8 to 64.1%. A pilot plant experiment (Popova and
Bolotina, 1964) atA51.2°C\resu1ted in the ihcrease of organic toad
to 3.6 kg VS/ms/day and a decrease in retention time from 18 to 9
days. Gas?production decreased by 3-4% for the same period of tfme.
‘No difference in BOD reduction (92-93%) mas observed.

. 0'Rourke (1968) studied the k1net1cs of reaction and the ra&&

| of ut1]1zat1on of pr1mary studge at 15O 200 25° , and 35 O¢: ;i:{_a?;fim
ment units were operated from 60 days retention time to 2.5 days er until
such time at.which‘process~fa11ure‘occured% Minimumfso]ids retentien
 time to achieve at'least 80% BOD reduction were approximately

7.5, 15, and 30 days at 35°C, 25°C and 20°C respectﬂve1y At 15°%C

the BOD reduct1on was cons1dered?to be 1ns1gn1f1cant even ‘at 60 days

solids retent1on‘t1me.f production was markedly 1nf1uenced
by'the digester opera
~was ach{eved at*lzzcz
was reached at 30 days retent1on period. Retention per1od in excess
.of 60 daxs was required to reach same level of gas product1on at
20°C. | i |

2 6 Econom1cs of Methane Productxon

P

The se]ect1on of a part1cu1ar treatment method is ]arqe]y dicta-
ted by the total cap1ta1 expenditures required. The sd%vey of diffe-
réht meat packing waste treatment plant 1nsta11at1ons (Tab]e 3) 1nd1cates
that the least expens1ve treatment method‘1s a 1agoon (aerob1c or
anaerobic). Next is a COmbination aerobi¢/anaerobic contact

system The cabita] cost’fOF*trick1ing'fi]ter and activated sludge

treatment were reported to be twice and five times hlgher than that .

. for the Tagoon system (Jones, 1974).



Table 3: Capital and Operating and Maintenance (0 & M) ‘ o
Costs of Meat Packing Waste Treatment Facilities

“(after Jones, 1974)

Type of ‘ M§d1um Plant S grge Plant
~Treatment 2454m”/day Waste 7646m™ /day Waste
Facj]ity ‘ '
o © Capital . O &M Capital 0&M
- ~ Cost($) | Cost($)  Cost($) - Cost($)
Lagoon System - 215,000 o 11,000 415,000 - 21,000
Trickling System 700,000 30,0000 900,000 35,000
Activated Sludge. C 11,900,000 150,000
&Anaeroblc Contact 410,000 20,000 630,000 30,000 *
(followed by - A , , -
activated sludge v . S
or trickling : - 3
filter) - '

Chittenden et al. (1979) evaluated the cost of aerobic versus
anaeroblc/aerob1c system for the treatment of meat packing plant wastes
with an average flow of 13090 m /day (Table 4)

Cap1ta] cost expend1tures for the aerob1c treatment plant were a1most

" one m1111on do]]ars h1gher than for the combined anaerob1c/aerob1c
system,_@perat1ng costs for the aerob1c treatment were est1mated
to be almost 80,000 $/Year higher than for anaerob1c/aerob1c system In
add1t1on, utilization of the gas produced dur1ng the anaerob1c

» stage wou]d«resu]t in further sav1ngs of approx1mate1y 84, 000 $/year



A

~ Table 4% Capital Cost Comparison -‘13090 m

wagte/day
~ (after Chittenden et al. 1979)
~ Aerobic | Anaerob1c/Aerob1c
System ‘ Sys tem
First Stage Aeération $1,256,000 $ 0
Anaerobic Lagoon 0 .. 194,000
‘Second Stage ,A:eration_ 779',009 - 688,000
Sludge Handling Facil. 375,000 83000
Irrigation Stor‘ag'e 314,000 | 314,000
Ponds - 30 Acres ' ‘
. \
Subtotal §2,734,000  $1,279,000 \\
Anaerobic Lagpon =~ 0 . 369,000 4
Cover and Burner . f ) A ‘ 'f .
Total Tost ~ °  $2,734,000 $1,648,000

Garber et al. 1975)'re§orted thevinCreased ease of separation
of so]1ds from the thermoph111c as compared to mesophilic, d1gester
effluent’ resu1t1ng in savings of 300 000 $/year thus more than
offsetting the add1t1ona1 cost of 5 200 $/year assoc1ated with extra

heatlng. '

Detaiﬁed economic evaluation of the anaerobic .fermentation of
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. domestic so]1d refuse at d1fferent temperatures was presented by

Pfeffer (1973) Temperatures and retention times were the major ' -
variables. The cost of the treatment at 35°C and 30 days retent1on

time was est1mated to be 93 ,800 $/year. Cap1ta] cost accounted for
69.3% of the annua1 cost. When the same substrate was subJected to
digestion at 60 C and 4 days retent1on time, the total annual cost
estimate decreased to 23,900 $/year. As a resu]t.of high temperature
of_thefdigester, the heating‘cost accounted for 39.3% of the total cost.

To»ca]cu]ate the net annual cost, savings resulting from the .

' gas‘production were 1nc]uded Operating'at 60°C. and 4 days retention

‘time was found to be the most econom1ca1 alternative. The total net

benefit was estimated to be 113, 060 $/year (Pfeffer, 1073) ' °
The anaerob1c treatment offers medium to 1ow cost means of

waste stab111zat1on _The research data an the comparat1ve treatment L

at mesoph111c and thermoph111c temperatures fndicate that shorter

retent1on t1me is required at a thermophilic range to achieve

the same degree of BOD/COD removal.’ The extra cost of heating associated

‘with high temperatures of a digester could be offset by reduced capital

cost of the installation,
Frdm.this brief literature survey it appears that the anaerobic
waste treatment is an economically and technically viable method . 2

for the industrial'Wasteﬁtreatment. I'ts suitabilityvfor the various

.types of food processing wastes must still be established in terms

of,the‘waste volume, strength and potential improVements in both

the Waste'stabi1fzation and gas production aspects.



CHAPTER 3

EXPERIMENTAL PROCEDURES

t
;‘ -

3.1 Apparatus and Experimental Program

Fermenters utilized in experiments described in this thesis
constituted two bench-scade' completedy mixed, anaerobic:digestion
systems operated under contr011ed conditions. Each:unit was operated
- at.one of the ‘two temperatures selected with Solids Retention Tlme
(SRT)-decreas1ng from 20 days untll_fermenter failure. This occured at
the SRT of 1.5 days at both temperatures.

3.1.1 Exper1menta1 Reactors

.
- Two "Microferm" fermenters, (New;Brunsw1ck_Sc Co., Edison, New

Jersey) were used throughout th1s i&udy Both were equ1pped with
prec1s1on temperature contro]]ers and variable speed ag1tators The 6
litre ferment1ng vessel was made of glass The assemb]y 1id was equ1p—
ped with 1.25 1nch d1ameter raw feed inlet. A 0.25 inch d1ameter‘tube
that extended to about 1 5 1nches above the fermenter bottom was used
for effluent w1thdrawa1. Another 0.25 1nch assemb]y 1id opening was con-
nected to a ca]ibrated tube, 2.0 dinches in diameter,‘that was used

to measure the~gas vo]umes-produced.vThe calibrated collection tube
‘was connected to a reservoir of acidified'sa1t solution which seryed as
a retaining fluid. Figure 4 is a schematic view of the experimental

; reactor., l' . |

'3.1.2 Substrate o

| In designing th{s experimental study, meat packing waste was
se]ected as an examp]e of a diluted food processing waste. The |

choice of the substrate was based on its su1tab111ty for the
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anaerobic process; cbntinuous~prob1ems with its disbosa], and its
avaijability. .

n the spring of 1975, approximate]y 1,000 litres of composite
meat packing waste was collected in 60 litre individual Tots. All
but one Tot were immediately frozen and kept until required. When
needed% one lot was thawed gt a time and stored in a 2°C_cooler. The
thaWed\1iquid was thoroughly mixed for 10 minutes before use.

- A complete analysis for chemical oxygen demand: total solids,
_ total yQ]ati]e solids, total volatile acids, lipids, ammonia%nd
total nitrogen, alkalinity and pH was performed on each lot to
detect aﬁs déViations from the original sample. The analytical data

cb]]ected are presénted in Table 5.

3.1.3 Sta i—Up of Anaerobic‘Diﬁester

Seed § udge was obtained from the sgcondary digester at the City
of Edmonto&‘Waste Treatment P]anf at Clover Bar.

Thé ferménting vessels were all steri]ized and purged with a
mixtufe of nitrogen. and CO2 gas prior to addition of siudge. Three
litres of seed sludge were then added to eaéh vessel and diluted with
deareated warm w?ter at 35°C to 6 litres, This step was used to
acclimatize the §1udge micrdf]ora-to higher operating temperatures,
as the raw sludge seeé>Was obtained from about 20°C digester.

~ Starting the following day, 100 mls of effluent was withdrawn
évery day_and r?p]aced by meat packaging waste to slowly adapt the
organisms pré;ewt to the new substrate. A 1jmited gés production
was observed in 5 days . | | B

After the évé]uation of work of Pfeffer (1973) and Golueke (1958)

two temperatures selected for-this study were 40°C and 50°C.



Maximum rate of waste utilization and gas production in the
mesophilic temperature range was reported to be at 40°CA(Pfeffer,
1973, Golueke, 1958). Furthermore, the temperature of the outcoming
wastes from the meat processing plant concerned ayeraged 39°C over
24 hour period. Almost no energy would be required to raise the tempe-
rature to 40°C. The second temperature seiecfed, 50°C, corresponds
to the lowest feasible point at thelthermophilic range, Pfeffgr (1973)
demonstrated that the total gas productioﬁ at 60°C is about 14% higher
than at 50°C. In this case the digestion at 60°C was nb£ considered
to be practi;a1 as we were attempting to develop a model for a large
scale industrial operation.

3.1.4 Anaiytical Sampling Program

The fermenters were fed once per day with raw sewage. Based on
the Solids Retention Time (SRT), a pke-dgtermined amount of digested
liquid was withdrawn and subsequently replaced with equai amounts of
 fresh feed. The eff]uent was used for analytical measuremeﬁts{

TheAv61ume of gas produced per 24 houf period was measured and
a gaS analysis was performed daily.

The analysis for COD, pH, total solids, volatile so]ids, ammonia
and organic nitrogen, alkalinity and volatile acids were performéd
daily. Lipid analysis by gas chromatography was carried out on.weekly
basis. |

3.2 Analytical Procedures

Analytical techniques used in the course of this study as well
as the apparatus used are outlined below. Most of the analytical
procedures were according to Standard Methods for the Examination of

Water and Waste Water, 12th edition (USPHA, 1965), in further referred
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to as Standard Methods (1965).

3.2.1 pH

The pH was determined daily using a Beckman pH meter-model 600
as described in Standard Methods (1965).

3.2.2 Chemical Oxygen Demand S //

The chemical oxygen demand (COD) of the feed and the digester
effluent was determined by the ref]ux-method as described in
Staqﬁard Methods (1965). \ :

3.2.3 Total Solids | -

* The evaporating dish was dried in an oven at 103°¢ for one hour,
and subsequently cooled in a dessicaton. A 50 ml sample was placed
into pre-weighed, dried dish and evaporatedbto dryness at 103°C over-

-
ﬂnight. Samples were then cooled in a dessicator and weighed.

Total Solids (mg/1) - Wt. of dry residue x 1,000

oy ml sample -

3.2.4 Total Volatile Solids

Total Volatile Solids (TVS) were determined according to the
method described in Standard Methods (1965). The sample from total
solids analysis was used for the determination.

-

3.2.5 Volatile Acids

v < ‘ . |
The determjnation of Total Volatile Acids (TVA) was accomplished

by the chrométographic column extraction method as described in Standard
. Methods (1965), and modffied according to 0'Rourke (1968).
| The principa] difference of the modified method is the use of the
solvent (B,,. It consists of 320 mls of chloroform, 80 mls of

butanol, and 80 mls of 0.5 N H2504. After mixing in a‘separatory funnel,



ot

a top layer is withdrawn into a reservoir bottle and 65 mls of this
solvent is used for each analyzed sample.

3.2.6 Grease/Lipid Analysis

‘“Modified method of Loehr and Rohlich (1962) as described by

0'Rourke (1968) was used.

3.2.7 Total Nitrogen

Tota[ nitrogen was determined by the Kjeldahl method as described

in the Standard Methods (1965).

3.2.8 Ammonia Nitrogen

Ammonia nitrogen was determined by the distillation method
outlined in the Standard Methods (1965). Sample used was 25 ml and
the distillate was titrated to pH 4.5.

3.2.9 Organic Nitrogen

x4+ 1he liquid after fhe ammonia disti]]atioh was analyzed for
anic nitrogen using the Kjeldahl method (Standard Methods, 1965).
3.2.T0 Alkalinity ‘ ' ;
Alkalinity was determined by titrgting 50 ml sample to poten-
tiometric end point of pH 4.5, using 0.02 N HC1 (Standard Methods,
1965). | ‘

© 3.3 Chromatographic Procedures

3;3.1’Gas Analysis | \§

The composition of the digester gas was determined by gas
chromatography using a 12 foot long copper column packed with

Porapak T 50-80 mesh size (Van Huyssteen, 1967).
%
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Experimental cond1t1ons were: _
Column - 12' x 3/16" O D. copper - ‘ | \
Packing -~ Porapak T, 50-80 mesh sizé |
Temperature - Oven - 50°C‘ '
Injection port - 60°C
Detector - 100°C
Carrier gas - Helium - 50.m1/minute
Bridge current - 200 mA

Sample size - 0.1 - 0.2 ml

N

Under these conditions, clear separation of CO2 from (N2 + 02)
and CH4 was achieved in about 7 minutes, The injéction'of a pure
02, Nz, 002 a'nd‘CH4 gases was used to idehtify the indivjdual peaks

and the actual concentration (calibrétion) of CO, and CH

2 4-

.2 Individual Volatile Acids

Centrifuged effluent supernatent was qualitatively analyzed

for individua] volatile acids, i.e. fatty acids with 6 or . less

3/?6"'9vD.'c8pper

arbowax’ZO + 5% H3PO, on 60-80 mesh A/W Chromabsorb P

;_ 4%’ \ S v; Pnjéction port - 210°C
*’fiy !u:' \, ’ Detector - 180°C :
darr1er gas - Nzﬁ- 20 m]/m1nute

 ;' ‘ ﬂ*, 'f ) .‘ H2 - 25 ml/minute

w070 Air - 300 ml/minute
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Sample size -

3.3.3 Fatty Acids

3 pl o ¢

53

&

. 2
The fatty acid composition of the fermenter eff]d!ﬂ% was deter-
#

P

. ~ : »
mined by gas-1iquid chromatography. A sample from the 1ipid gnalysis

(Sgctfon 3.2.6) was transesterified according to the following

sequence:

(1) Incubation of 0.1 g of crude lipid + 2 ml of 2% (w/v) H,S0, in

absolute methanol atk75°C overnight in a sealed glass ampule,

(i) Dilution with 3 ml of distiled water and extraction with

3 ml of hexane, repeated twice.

(i1i) Combined hexane extracts were washed twice with 3 ml of 0.2 N

N&2C03 and twice with 3 ml of distilled water.

(iv) Small amount of anhydrous sodium sulfate was adQed to remove

res{dual water.

‘trogen.

dﬁa
Samples were concentrated to a volume of
P
e .

W by a stream of

(vi) The concentrated solution was injected intp a gas-liquid

chromatograph, under the fo]]dwiqg experimehta] conditions:

Column - 6' x
Packing - 15%

Temperature -

Carrier gas -

‘Sample size -

Injection, port - 215

1/8" 1.D., U-shaped glass"

ESG on 100-120 mesh A/W Chroriabsorb P

Oven - 185°C"

O¢

0

Detector -.215°C

Néwf 60 ml/minute

Hy - %40 ml/minute

e ,
Air - 750 ml/minute
4 p “,

Rl

L W



CHAPTER 4
EXPERIMENTAL RESULTS

-
3ol

4.1 Preliminary Studies'

In1t1a1 ana]ys1s of the waste from ‘the meat packing p1ant
(Tab]e 5, page 55) revealéd that ammonium n1trogen was present in
1nsuff1c1ent quant1t1es to support qood growth of the methanogen1c
organ1sms Consequent]y, a further 1nvest1gat1on into the rate of
‘ammon1a add1t1on and its effect on the treatment eff1c1ency dur1ng
..the anaerob1c d1gest1on was carr1ed out Several 300 ml Er]enmayer
flasks were f111ed w1th 100 ml. of substrate and 50 m} of 1nnocu1um
- Amnon1a? 1n‘the form of.Nh4C1, was added.1n vary1ng amounts to-g1ve
- a range‘ot concentrations from 50 toASOO mg/1. The top of the 11qu1d
in each’ f]ask was. flushed for 5 m1nutes with n1trogen and closed with
‘a rubber stopper that had plast1c tub1ng attached to a qraduated gas
measur1ng tube F]asks were p]aced 1nto a 40°C 1ncubator/shaker bath
Eff]uent samp]es (10 m])‘wer%'w1thdrann oatly and rep]aoedow1th |
(ﬁequaf amount of fresh substrate conta{njnp ammOnia-saltiin desired
itoncentration.,Durino the'sahp1ing,ﬂthe top of the liquid was purged
' With nitrogen gas to preveht e;posure to oXygen ‘The same experiment“
- Was repeated at 50 C Gas product1on and compos1t1on were moni tored®
(Tab]e 6)

. To evaluate the effect offpnosphorus addition on. gas produétion,

s1m11ar exper1ments were conducted at 40 C and 50 C w1th POi be1ng .

‘ ;added together with ammonia at 5:1 rat1on of N:P (Tab]e 7) Y"
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Tab]elﬁ;‘ Raw Waste Composition ' -
%
Average ' vStandard>
(mg/1) Peviation
coo . a3s6 ©.368.0
R o e
Total Solids )? . 2554 £292.0
Total Volatile Solids | 1982 - +53.0
Total Volatile Acids |- 63.2  +10.8
(as HoAC) o / S : B
" Grease/Lipids Cow0 . - +119.0,
Total Nitrogen - | 118 £17.0
NHy - Nitrogen | 15,8 1.9 e e
el L L .
Protein (Kjedahl x 6.25) - 126.5 . = .
PO, - Phosphorus [ 35.0 - % w2 e
A]kﬁa'lini‘t)"' (as C’acoﬁ/)A 225 T £23.0
pH - e |
| ' o1 | Cag oo
Temperature (7C)~ 39.2

_lDischarged Waste at:time/pf sample co1]ectioh ' "y



Table 6: The Effect of Am@ohia Concentration

Yo
-

|

i

\ on CH, Production at‘46°C and 50°Ck
\

TS : Eo e "
B Ammonia Average CHy Production-
lencentration | (h]/day)‘

(mg/1) . 400 500c
“Control 5.2 5.9
-Sq, g 2.9 6.5 |
100 5;2’ 7.5
150 5.1 9.3
200 4.7 11.8
S 250 5.5 175
: 300 13.8 o8
..350  20.8 27.1
400 15.6 28.2
450 10,4 26.8
/ \AISOO,V 6.6 25.0
] .
*AVéragg ofifoﬁrfrepjicates
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i o
Table 7: The Effect of Amwen1a/Phosphorus Concentrat1on
~ on CH4 Product1on at 40°c and 50°C
.
Ammonia/Phosphorué ' Average CH4 Product1on
Con%fntratlon | - - (ml/day)
(mg/1) w0 - s0% -
ey
, P
~ Control 5.2 , (W* 5. 9 _
50/10 5.4 T 6.2
100/20 6.0 6.8 ‘
150/30 6.1 ’ 7.3
200/40 67 . 9.0
- 250/50 12.6 T 1007
/300/60 - . 25.0 16.4
“ 300 26 21.0
" 400/80 . 20.9 24,0 .
| 450/963:' T 14,6 24.3
‘“'560/100',9 - 7.4 23.2
Q*AVErage of four replicates .x:' K ;;'
\
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The resu]ts from the exper1ments conducted at 40 Oc (Figure 5,
}Table 6 and 7) indicate that the addition of ammonia and phosphorus
at 300/60 mg/1, had the greatest st1mu1atory effect on the gas
production, When-ammon1a was added alone, the gas product1on reached
‘only about 74% ofAthathhen both ammonia and phoshhorus Were»added.
' The results froh 50°¢C digestion (Figure 6, Table 6 and 7) are

somewhat'surprising» Not'on]y had the ﬁutrient addition a more

. gradual effect on CH4 product1on, but in th1s case, ammon1a when

' added a]one exhibited a greater st1mu]atory effect Further, maximum

CH4 proddcttonjat.SO ¢ was actually reached at concentrat1on.1eve1s
that were partially inhipitqﬁy,at 40°c,

o To eXp1aihAthe difference 1n’resu1ts at the two temperatures,
two main factors shou]d be:%dnsidered- |

(i) The actua1 m1croflora of the ~digester was probab1y

'“'}diffehent at d1fferent treatment temperatures. Me thane gas product1on

~is a two-stage process inVo]vihg first the facultative anaerobic

erganisms?that break down comp1exvorganic molecules to substrates that

~ can be uti]iged by-the methane forming'organisms’ The mfcroflofa of the

df1rst "ac1d produc1ng“ stageacons1sts ma1n1y of a facu]tat1ve psychro—
wphilic and mesoph111c 5011 bacteria (Mchnney, 1958) Some of these
organ1sms might not be)able to suryive at 50 C “thus the change in

a general microflora m1ght result in prof0und changes‘1n the
’nutr1t1ona1 requ1rements | | |

(11) The react1ons (chem1ca1 and/or) bioChemica] within the

* bacterial cell could be»acce]erated by the increase in treatment .

temperature. The possibility ei%stS'that with the change in micro-

f]ora'at the thermophilic temperature, different metabo]ica] pathwayS'v
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might be involved, resulting in dffferent nutritional requirements.
Conditioﬁs that yielded the raximum CH4 production‘in the
preliminary study were applied to experimenté] digesters operating
at 40°C and 50°C. Raw méat packing wastes that were used to feed the
mesophilic (409C)‘digester were supplemented only with ammonia to
achieve 400 mg/1 concentration. For the‘thermophific (50°C) digester,
ammonia and phosphorus were added to the substrate at 300 and 60 mg/1,
respectively.
Both digesters‘were then subjected to a pre—detefmined programmed
steady staté operation. In this context, "steady state" refers to
a condition where uniform reduct{on in COD was aéhieved. Once this
v condition was satisfied, the fermenter was qperated for at least
additiona] 30 days. During %his time all qurationa] paraheters were
~ measured. - v.
The ferménters were started at 20 days solids retention time F)
(SRT) and stepwise reduced to thé point of fai1ufe»qs indicated by |
>~

incomplete COD reduction to less than 60% of the original COD.

4.2‘Anaerbgjc Digestion at 40°C

A summaryvof the results is pre§ented in Tables 8 throughllz.
The overall effect of solids retention time on the reduction of COD,
volatile solids, 1ipids, volatile acids and methane gas production fis
graphically presented in Figure 7. |

Efficient treatment of the wastes studied was achieved at 4 days
SRT at 40°C. At this point, COD reduction reached 91.8% (Table 8) and
volatile solids were reduced.by‘57.i% (Table 9);,Tota1 volatile acids -
~content at 4 days SRT Qas;205 mg/1 expressed as acétic acid - about

3 times the concentration of the original faw samnﬁ@ (Table 10). This
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¥
A ﬁ%; 1q§1cate that at‘a given 1oad1ng rate, the actual breakdowm of complex
; ?
% a'n%substrates b‘yﬁ&e facu]tatwe (and/or obligatory) anaerobic

ria was proceed1ng at a higher rate thian the utilization and

»

trahsformatlon of the intermediates to methane gas. @%ui]ibrium

~ between vohat11e acids production and their ut111zat1on ‘was reached
be tween 12 and 15 days SRT. At this stage, the vo1at11e acids
concentratyon of digested 11qu1d aqgeared to be equal to the volatile
acids concehtration of the raw seWage (Table 5 and 10).

_ Somewhat surprising was the finding regard1nq the low rate of
lipid ut111zat1on At 4 days SRT only about 31% reduction of total
11p1ds was ach1eved With the increase in SRTxa :sTow increase in
11p1d ut111zat1on was obserVed, reaching about+48 3% at 15 days SRT and
55.8% at 20 days SRT (Table 11). e p

Gas production (Table 12) was errat1c at 2 days SRT. The maximum

r3

gas productipn was reached at 4 8 days SRTo W1th the 1ncrease in
R S

SRT to 12 ddys or more, the gas product10n»per d1gester vo]ume R b

A

(m1/day) de reased from 1198 m]/day t0>997 m]ﬁday,_ ;

Treatment eff1c1ency~at 2 days SRT was agaln errat1c At thjsl
point, the d1gester was c]gse to. 1ts polnt of fa11ure BeSp1te these
conditions, 73% COD reduct1on was achleved Vo]at11e acids content
| 1ncreased to about 6 5 t1mes 1ts or1ghna1 concentrat1on and
ma1ntenance of proper pPH ba1ance became 1ncreasino1y d1ff1cu1t Total
alkalinity rap1d1y decreased from 508 mg/1 (as CaC03) to 282 mg/1
\(Table‘10) Gas product1on decreased to 43% of 1ts max imum da11y
producticn and- the methane content of the d1gester gas decreased from
66.5% at 4 days SRT to 48. 6% (Table 12). A:further decrease to 1.5

days SRT was,attempted byt met with failure as the organisms were

66
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fd1fferent SRT on the breakdown of 1nd1v1dua1 wastg,components and :

“gas format1on is presented in F1gure 8. .

L ment and gas product1on, here again ach1eved at 4 days SRT COD

'}reduct1on reached 81.1% at 2 days. SRT “and ‘increased to 92 9% at 4

washed out of the reactor

’ 4-; Anaerob1c D1gest1on at 50°C 'q '

Results from these exper1menta1 stud1es are 1nc1uded in Tab]es 8,

9, 11, A3 and 14 A graph1dﬁ1 presentat1on of the overa]] effect of

" Steady operat1ng cond1t1ons, together w1th eff1c1ent treat-

- days SRT.. Longer SRT per1ods up ?0 20 days accounted for on1y a 3. 5%

1ncrease in COD reduct1on (Tab]e 8)

<

. Sharp reduct1on in the vo]at11e solids - content from 1982 mg/ 1

in raw waste to 951 mg/] (52% reduct1on) was achieved at 2 days\SRT.

The ‘increase of SRT tof4 days and more .had a very 1itt]e}effect on
further volatiTe so}ids deStructibn (Tab]e 9); indicatﬁnq that appro-
x1mate1y 39% of the total vo]at11e so]1ds ‘was - not degradab]e

Vo]at11e ac1ds content at 2 ays SRT 1ncreased to 360 mg/1.

’ ¥
‘about 5.5 times. 1ts or1gwna1 value (Table 13) Th1s 1ncrease would
s 1nd1c e an 1mba1ance between the rate of degradat1on of ]ong chain

' fatty\ac1ds and the ut1]1z tion of free fatty ac1ds to produce CO2

and CH4 Equ111br1um betw en production and ut1lizat1on of vo]at11e

vac1ds was. reached at _about 8 days SRT' (Tables 5 and 13).

L1Q§d degradat1on proceedéd at almost tw1ce the rate obta1ned '

ybf‘at 40°C 52.4% reduct1on was achleved at 4 days SRT w1th a steady ‘
W E”1ncvease to 86% at 20 days SRT (Tab]e ITT/”\‘ .h o ' \g

i

@ntrary to the 40°c experlment steady gas prodﬁctlon was ¢

i}

-69

v ;obServedieven atjzkdays‘SRT (Tab]e,14);,however, the nmthane\compositiOna
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of the digester gas was erratic, ranging from 55.9% to 70.2%. Maximum
# daily cas production*per digester volume was reached at 4 to 8 days
SRT and decreased with. the 1ncrease in SRT A further reduct1on of

v~vSRT to 1 5 days was attempted but failed to y1e1d any meaningful s

»

data..

4.4 Discusston'of ExpérimentaT Data

o .

The bas1c obgect1ve of th1s study was to eva]uate the efficiency .-

of anaerob1c tr@ﬁtment of meat~process1ng p1ant waste at - 40 C and
_50 C. The main emphas1s was p]aced on the. rate and volumes of. CH4
'i product1on combined with eff1c1ent organ1c Toad reduction.
The dada- obtained in th1s studytggre also used for cost ana]ys1s

»

'evaluat1on of the process (Chapter 5)

4.4, 1 Effect of Temperature and SRT on COD Reduct1on | f v /
Anaerobic treatment at both temperatures stud1egbyas effectiyev |
in reducing coD (TabTe‘S)' At 40°C coD reduct10n ranqed from 94 2%
at 20 days SRT to 73 0% at 2 days SRT. The dec11ne 1n treatment
eff1c1ency wai}gradual up to 4 days SRT. The "break point" occured
between 4 to 2 days SRT. A reduction from 4 to 2 days SRT resul ted
1n a dramat1c increase 1n residual COD and errat1c ‘operation.
A h1gher degree of coD ut111zat10n ‘was ach1eved when the treat— _
/////’ ment temperature was increased to 50°C CODvreduct1on at 20 days °SRT °
was 96 4% and even at 2 days SRT, 81 1% of the original COD was remo-

ved, A reductlon in SRT to 1 5 days resulted 1n 1ncomp1ete treatment,

1nd1cat1ng that the "break point" is be tween 1 5 and 2 days SRT.

T The max1mum ongan‘wuloading for the thermophi11c (50°) d\gester to

: Riatt ) ¢ a
ach1eve at’ 1east 80% GDD reduction was estab11shed at 2. 18 kg COD/m /day,

represent1ng 2 days SRT At 40°C 80% COD reduct1on wou]d be achleved at

\

73
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“about 3 to 3.5,days SRT (Table 8), thus reducing the effective organic

load to 1.64 and 1.36 kg COD/m?/day respectively. This represents a

25-37% reduction in the digester utilization, It becomes'important

‘when considering the actual treatment design as it wou]d necessitate

an_1ncrease in the size (or numbers) of the anaerobic digesters required
. " _ ,

a so ., @ S S
- andathis in turn would increase the capital investment. However%Rthe PN

g}data for the ypsoph111c fermenter were obtained by extrapola-

t1ng resu]ts of the COD reduct1on (Tab]e 8) for compar1son only. It

may be that an 80% QQB reduct1on»€6mb1ned Withwsteady state digester

‘L

operation wou]d not ‘be ach1eved at 3 3 5 days SRT.. From a pract1ca1

point of view, maximum organ1c 1oad1ng rate for a d1gester operat1ng '

at 40°C appears to be 1.09 kg 'coo/m3/d_ay, répresenting 4 days SRT. g '

A difficulty arises when compar1ng the results of this study

‘to. other reporgs as our data are expressed in mg/] COD, while the

maJor1ty of research literature data are expressed in mg/] BOD. Studies

with . meat packing plant wastes as a substrate indicate that maJor1ty

of the organic loading rates range from 0.4 to 1.5 kg BOD/m3/day
Organic lqs ‘hmll .0 ka BOD/m /day were successfuﬂy treated

" under 1aboratony cond1t1ons (Schroépfer and Liemke,’ 1959). -

The correct1on “factor for the convers1on of BOD to COD ranges

?rom 1.6 to 1 d%ﬁbpend1ng on the substrate. At these va]ues, the maxi-

mum orgamc ‘ing rates obtained ifi this study, 2. 18 kg COD/m /day

'at 50 % and 1. 09 kg COD/m /day at 40°C, are well within the reported

range
The data obta1ned at 2 days SRT at 40°C were somewhat erratic

Since our nnthod'pf substrate feeding and effluent collection was.

-diScont{nuous;’the problem encountered at 2 days SRT may have been
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caused by the feeding technique rather by the 1nab111ty of the micro-

organisms to uti11ze the substrate The eff]uent withdrawn for-

samp11ng contained a uniform mixture of sludge djgested for 24 and/or

48 hours, thus not representing'a true ref]ection of treatment

eff1c1ency re]ated to the SRT. In fact, it'might be perhaps more accu-

rate to use a term mean residence t1me“, rather than so]1ds retent1on

time, Compar1son between SRT and actua1 effluent "mean res1dence t1me

is presented in Table 15. S ‘ “::\E' ' . o
o oy,

N Tab]e 154 Compavhson Between SRT and Actua]
| " Effluent "Mean Res1dence§ﬁ$§§

' S
SRT Meaanes1dence'Tlme N

£ N , ,
(Days) (Days)
2 1.5 g
4 w 2:5%
8 4.5
12 a 6.5
o e 7 ’

L

It appears that 1f the rate of the substrate add1t1on can be

- controlled on a cont1nuous basis and/or a part of the wasted sludge

-

can be recyc1ed an efficient steady rate treatnent cou]d poss1b1y be -
achieved at solids retent1on times of 1.5-2.0 days at 50 C, and s 1: N

2.0-2.5 days at 40°C.’

*



4.4,2 Effect of Temperature‘and SRT on Volatile Solids Reduction
\ Results obtained for total volatile solids (TVS) uti]izatibn
indicate a very 1ow rate of destruction. Even at the longest retention
time (20 ) only about 61-62% reduct1on was ach1eved at both tempera-'
tures under the 1nvest1gat1on Throughq;t this study, temperature of
.dlgest1on had very little effect on rate of TVS utilization (Table 9).
At 40°C, a rapid decrease in TVS from 2 to 4‘days SRT was observed,
This corresponds wvth erratic d1gester performance at 2 days SRT.
A plateau was ree;hed at 4 days SRT and TVS remained virtually constant
.up to 12 daysiggﬁ, then further decreasing rapidly from 12 to 20 deys
SRT. T
The rate of TVS destruction at 50°C fo]]owed much smooeher curve
from 2 to Zdrdays SRT with the exception of results at 12 days - SRT.
0'Rourke (1968) reported an 11% volatile solids destruction at 5
days SRT at 35°C, while 56% reduction‘id TVS was.reached at 6C days
SRT at the same treatment temperature. ; |

4.4.3 Effect of Temperature‘and SRT on L{pjd/Grease Reduction

Fatty acids are one of the main components of, raw meat backinq
plant waetes Therefore the degradat1on of long chain and volat1]e
fatty ac1ds is critical in determ1n1ng digester performance.

The 1ipid portion dbf the raw waste was analyzed by gas chromato-

graphy. It contained 1.24% myristic acid, ’28 9% plamitic acid,.24.2%
stear1c acid, -36.7% ole1c acid, and 3 05% linoleic acid (Table 16).

‘In this study, the breakdown of 1ong cha1n fatty ac1ds proceeded
af a rapid rate. At 2 days SRT only traces of C:18 were detected by
- gas chromatography_eff1uents from.botﬁ'digesters, while accumulation

" of C:12 fatty acid was observed (Figure.9). A sharp decrease in

~



Table 16: Long Chain Fatty Acid-Composition of Untreated Meat

Packing Waste

N

-Individual Composition Coneentration.
~ Fatty Acid , % Total Lipids mg/1 Waste

Myristic (C:12) 1.4 140
. TN & . ' )
Palmitic (C:16) | . 28.9 : 326.0
Stearic (C:18) 82 277.5
Oleic (C:18:1) 35.7 N 414.9
Linoleic (C:18:2) 3.05 384

(\k‘.p&‘\\. , =
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C:12 fatty ac1d concentrat1on occured between 2 and 4 days SRT, followed
by a gradua] dec11ne at SRT longer than 4 days.
A similar increase, although not as notable, was obServed for -
' C:14 fatty acid concentration at 2 days SRT, reaching a plateau short-
1y thereafter (Figure 9). The constant level for both C:12 and C:ld
at.SRT longer than 4‘days would 1ndicate that approximately equilibrium
conditions were estab]ished between long chain fatty acid degradation and
‘C:lé and C:14 acid utilization. 1‘ . |
This pattern of degradation follows that deecribed by Novak and
Carlson (1970). While studying the degradat1on of 11no1e1c, stear1c,

pa1m1t1c and myristic acids, they observed that the unsaturated fatty

-

acids were ut1]1zed at muchafaster rate than the saturated acids. The pre-;

sence of the degradat1on 1ntermed1ates 1nd1catdd that the fatt{
. acids were ut1]1zed~v1a(therbeta-ox1dat1pn pathway as over 40%.of the

unsaturated fatty acids were converted'téﬂsatﬂrated acids, principally

-, . ‘ ' H
|

to pa1m1tate. _ el A \
The rate of 11p1d ut111zat10n proceeded almost twice as . fast at

50° C than at 40°c. A]though%at 2 days SRT the total reduct1on was

on]y 23 3%, 1t 1ncreased rap1dly to 52% at 4 days SRT and reached K

86.4% reductlon at 20 days SRT In cohtrast at 40°¢ on]y 9.5% of the

total Tipids was ut111zed at 2 days SRT; the eff1c1ency gradually

v1ncreased to 55 8% at 20 days SRT ’

| The volat11e ac1d concintratlon fo]]owed closely the rate of

rmat1on”(F1qure 10 Tab]e 10 and 13)

f?‘.

11p1d uti]1zat1aq>anq' as.

& iq
......

. and 50 reactohs* respect1ve1y, at 2 days SRT Thls bu11dup was
: ‘% )

. £ . . 3 . . . /w
PRI S . ; oo . . - . !

/
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~ volatile acids concentration;nas obseryed, indicating that at

~SRT 1onber,than 4 days the rate of utilization exceeded that of

. ‘ ( .
tion would be at 4 days SRT as the 1ndicators of ‘the waste b1odegrada:_g

81
‘W

attributed to a lower rate of organic acids utilization as the fermenters

- were approacthg the "break point" in treatment efficiency At this
] stage,ythe volatile ac1d ut11jzation appears to be the rate limiting

step. Further increaSe in volatile acids concentration might have

an inhibitory effect oﬁ‘methanogenic'organisms.

At 50°C.‘after‘the initial»increaSe, a gradual 'reduction in

. . N ﬁ i3 R . s .
product1on o * . - ‘ - . '

1

4 4.4 Effect of Temp;rature and SRT on Gas. Product1on and Compos1t1on

When compar1ng the total daily gas product1on (F1gure 10),

. ' 1

‘a maximum product1on period for both temperatures %orresponds to 4- 8

o
days SRT. At 2 days SRT a s1gn1f1cant decrease in tota] gas product1on

was observed for both temperature reg1$es It corresponded c]ose]y

i o~

to a marked 1ncrease in the volatile aF1d content of bbth fermenters _

and lower treatment eff1c1enc1es As ment1oned ear]1er the~volat11e |

acids ut111zat1on appeared to be thea‘ate 11m1t1ng step. S
A dﬁfferent pattern of gas product1on was obse ved at SRT -

r

longer than 8 days. Instead of‘an Jncrease in the

as product1on;,a B

i

/' : .
sudden decrease to a constant p]ateau was observe . ThiS.beha#ior

w

was s1m11ar for both . temperatures The lack of" orthersincreaserdn’

COD removal eff1c1ency suggests a near’ dep]etyon of the b1odegradab1e
r

substrate.’ Th1s would 1nd1cate subs trate avaﬁ]ab111ty to be't e

- 11m1t1ng step. ”, : ' B ‘;\ , |

Theorehca]ly, it wou1d be expected that the greatestgas produc-—\ B -

Oy

tion are h1gh (greater than 90% COD reduct1on at 50°C) - and the brga-
g - : :

ff-..x e -" v -

~
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nic 1oad 1s thehgreatest In pract1ce, a s11ght decrease in tota] da11y _
‘gas production was observed'as compared to that at 8 days SRT

Plotting the CH, proafct1on per unit of oD destroyed, versus
the retention t1ne (F1gure 11) 1hd1cate near stra1ght 1wnear re?at1on-
sh1p between the substrate ava11ab111ty and the ut111zat10n

As the organic substrate 1oad1ng sade 1ncreased (by reduc1ng the

SRT), the rate of CH4 and CO2 product1on per gram of coD removed

Q/decreased Even though there was an 1nﬁrease 1n tota1 da11y gas

product10n, 1t was not proport1ona1 to the 1ncrease 1n organ1c

1oﬂd1ng rate (wt/wt) S1hce cop reduct1on 1sest111 in excess of

<@

e 90% it appears that the complex organ1c mater1a1 (organ1c carbon) ls

: utIITzed within the system by some other means than conversion to CH4

and 002 Due to the 1ack of exper1menta1 microbiological data we can.

‘ on]y theorize that,th1s port1on of organ1C»carbon was’ utilized for the

. formatfbn of'new ceT] material The fact'that the rate f methane

o product1on - but not oD ut111zat1on - decreased wou]d sugg st that

%

\\\i\\"ac1d formsng“ rather than methane produc1ng organ1sms were 1 pons1b1e'_

for the organic carbon material ut111zat1on

Temperature seem#d to have very 11tt1e effect on. the gas compos1-'

tion (Tabtes 12 and Q4)N2At the retent1on t1mes greater than 8 days,

the-average’methane'cent nt of’the d1gester gas frpm the 40°C fermenter
fwas marg1na11y h1gher (68% vs 64 5%)- than from the 50°c. S1gn1f1cant |
d1fference was observed at 2 days SRT as the methane content of 40 C
dwgester gas decreased to 48% while that for the thermoph111c d1gester
;gas remained a]most unchanged at 62%. - v' P .

3
A typ1ca1 chromatogram show1ng separat1on of CH4 and CO2 is

»

,“presented in the Append1x I.
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At re1at1ve1y 1ong gRT (8 days or more) there was very 11tt1e ﬁi .
o d1fferenqe in treatment eff1c1enc1es between 40°C and 50°C d1gesters.

With the exception of higher rate of lipid uti]izatlon at 50°C. The»g'
(F‘lefferencm between the two temperatures became apparent at. short :_ 4,7- .
‘; . 'SRT, espec1éﬂ1y at 2 days At this po1nt 509 d1gester treatment‘;

- f,eff1c1enc1es are c]ear]y super1or to 40°C digester, remov1ng 81% CcoD

vs 73% at 40°C. In addition, the CH4 production (459 m]/da_y vs 250 ml/day_,f -

and the 11p1d uti11zat1on (23 3 vs“g 3%) were a]so h1gher At 4 days

:SRT the 50°C was marg1na11y more eff1c1ent than the 40°C treatment with ™

both treatments be1ng h1gh1y effect1ve in. terms of waste stab1lization -

“and-methane production Thus SRT of 4 days was used for the cost

-

ana]ysis\f the two systems.

1 .



‘ - CHAPTER 5
© COST ANALYSIS

5.1 Introduction

: = B ' e 3 Y
Maf; food processing operations, such as meat, potato,.and vege-

Ltab]é-pr cessing‘generate 1arge'amounts of organic waste -Atxpreseht.,

ne1ther usefu] by- products nor energy conta1ned in this waste ean be

\

‘ profitably recovered under most process1ng cond1tions.a

Only re]at1ve1y/sma11 port1on of the energy ava11ab1e can be

&

ut111zed in- the form of "b1o gas", produced dur1ng thé anaerob1c :

fermentatIOn Most of the treatment un1ts bu1lt so far are uneconom1ca1 '

ma1n1y due to the 1arge vo}umes of the d1gester requ1red (i. e h1gh

- capwta] 1nvestments) and a re]at1ve1y Tow gas producn1on

It is. obv1ous that the vo]ume of a d1gester has a marked effect

on ‘the cap1ta1 cost of the treatment. p]ant Reduct1on 1n the d1gester

s1ze can be accomp11shed by concentrat1on of waste 11qu1d to reduce" f_,"

14
Cits vo]ume or by 1ncreas1ngveff1c1ency of the tneatment by__

decrea51ng the necessary res1dence time

Exper1menta1 results from Chapter 4 1nd1cate that at the short'p -

©SRT the rate of*organ1c waste reduct1on 'Was s1gn1f1cant1y h1gher at
50°C than that at 40 C. Therefore the ob3ect1ves of this cost
ana]y51s were ‘ ' | '
(1) To eva]uate the ‘economic feas1b111ty of thermoph111c (50°C)
as compared to mesoph111c (40°C) anaerob1c d1gestaon, ‘and
(11) to: eva]uate evaporatlon as one poss1b1e method of reduc1ng
| the;total dai1y vo]ume of . wastes that have to be treated

P
/

P I
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5.2 Methodo]ogx ' 3 C e . : o T -

»
Total cost of the sinpie Fnaerobic waste treatment at two

different temperatures was estimated in reiation to the cost of

- the instaiiation operating and maintenance expenditures‘and henefit

L~:der1ved from utiiiZing the gas produced during the digestion.

The cost of waste roncentration by avaporation to decrease
the digester unit eost was also estimated A comparison of costs
at the two treatment temperatures was made for the sﬁmpie anaerobic ,
’treatment as compared to the combined evaporation/anaerobic sy.tem -
to find. the most economicaily feasib]e a]ternative. '

* .
5.2.1 Assumptions and Base Line Data ‘

Y

(1) The cost of the construction and equipment obtained from
Hhdh technicaily valid but economicaliy outdated sources
- was adjusted to December, 1981 uging the Enqineering News
Record construction costs index of 344,93 (1967 100)..
(1i) Cost of suppiies, utiiities, finanCing\and Tabour (Tab]e 17)
N ‘were taken at current rates (December, 1981) for Edmonton, :
- Alberta. 72 | | | "‘
(111) The process parameters used such as the gas production,
.15011dS retention times and nutrient requ1rements (Tab]e 18) .
were obtained from the experimental resu]ts described
1n the Chapter 4 An assumption was made that the nutrient -

requ1rement of concentrated waste wouid 1ncrease in relation

to concentrating factor.:

- The method of evaiuation was based on the foiiowing criteria‘ j~"

[
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. Electricity

Anmonfum Chloride
Sodium Hydroxide
Sodium Phosphqte

f | v \ '
\ .
‘. N~
3 ’ \
¥ . ‘ s
, v
‘fab1évi7:_‘cdffgnt Gost Data used for Analysis | A
| ' of the Anherdbfc Waste Treatment R
‘Paiametérs‘;',. | in Un{t:Rates/Coétf 2 ' Source
:Priﬁe'xntéfésf Rate - - 163%.‘ — . Bénk bf'ﬁQﬁtre§T
 vater 0.10 $/m° -Edmonton Utilitles.
}Séﬁage~: L, -0.05gi$[h3._> 0 f-_EdmbntgnhUti]%ties |
Dnibﬁ Lébour ﬁate o "10.50 $/hr | , | Manpower;& immigration\'t
“ S S | . | - Officé,-sd@ontpn, Alberta
A:fLGasﬁ ) 1 _6.07 $/m>  Northwestern Utilities

*0.036 $/KWh. Edmonton Power

B : 0.50 $/kg o o ~CIL Chelﬁicals Co.

'1.85 $/kg - - Dow Chemicals
‘;1;7Su$/kg v _'CIL~Cheﬁ¥calsto, ,'

\g
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Table 18: Technical Data used for the Cost

Analysis of the Anaerobic Diqestion (

/® ‘
Plant 1 - AM,‘M,ma‘nt\z' Plant. 3
Waste F'Iow (m /day) 1893 3785 7570
- Solids Retention Time (days) 4 o 4 R | |
' Methane Gas Production (m§(day) | ) . o
\d ~ Thermophilic Digestﬂion'”) 1290 2580 5160
Mesophilic Digestion ' 946 1892 3784
Digester Témperaturér(OCX» B o <
| Thehmophi_]ié Digestion 50 / 50 )
, Mesophi]ic Digestion 40 . - 40 . 40
vNutr1ent Requirement (kg/day) o
Thermoph1]ic Digestion _ 7 _
< Amonfum Chloride 757 1514 3028
_ Mesoph111c D1ggst19n ’ v.'- . | @j} .
_ Amoni‘uin;cmoride 568 1136 , 2272 -
Sodfum- Phosphate s 228 . 456
- ' . : &
Heating Value of Gas = 3.58 X 107 Jou]es/m

Operating and Ma1ntenance Labour = 8% of Capita] Cost ’
~\‘,// Equ1pment Life = 25 years _ ' T Co ‘f ' )



N (
. ) k
(¥v) Three different sizes of the treatment units (Table 18)

were selected on an average daily waste flow for small,
medium and large meat,procéssing~p1an€s'as reported in
literature ((Jones, 1974).

]

5.2.2 Cost Estimi&ion of the Anaerobic Digestion

The plent design considered was based on the conventional
process with no provision for recirculation of soiids. Technical data

e calculation are given-in Table 18.

was estimated according to Pfeffer (1973), as

M
Ve T

Where: V J;Volume of reactor, m3

M = Kg of solids/day

C= Fee& concentration, %
p = Density of feed, kg/m>
T = Retention time,-days

To estimate the total capital cost of the digester unit, the

formula developed by Smith (Eckenfelder and Adams, 197é) was selected

and the cost was updated to Decemben:1981, using the ENR cost index of

- 344.9; thus,

Cost($1000) = v(1.34 + 13:8
. i T

Where: V = Volume of reactor, 1000 ft

3

. The operating and maintenance costs were fixed ‘at 8% of total
¢ '

capital cbst (Eckénfe]der and Adams, 1972). The qmbunt ahd value of

Me volume of the digester, based on a constant feed concentration

89
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gas produced was estimated from the results 19 Chapter 4 for in-
corporation into tot;l costing drocedure, fhexlmount and coat of
chemicals required for nutrient supglement was élso estimated from
the experimental results in 6hapter 4, These‘datgyyere used for

estimation of the anaerobic treatmént at 40°c and 50°C.

5.2.3 Cost Evaluation of the Combined Evaporation/Andérobic Treatment

A survey of recent techﬁical developments and economics of large
scale evaporation methods was made to select a suitqblexprocess for
the ana]ysis of the waste concentration approach, :)

Since the mu1t1 -stage flash distillation (MSF) offers a high
.performance ratio- (Spiegler, 1966) and ability o process :\kge
quantities of liquid, this process was evaluated for its feasibility
_as a mean of waste concentrﬁtion.

The basis of calculations for evaporation for the thre; plant
_sizes described in ”2 is given in Tab]e 19. Operating data were
ca]pulated as described by Porteous (1975), Howe (1974) and Sp1eg1er
(1966). Basic agsumptions, specific Va]des and equations used are
presented in Appeﬁdix If. Appendix III summarizes the mass flow for
the smallest (1893m3/day) waste treatment unit. '

The concentration faétor‘of 10 was selected arbitrarily and at
this stage the assumption wasumade that the ga§ production, solids
retention time and the nutrient requirements of the subsequent
anaerobic treatment wi]1 be identical to those from the experimental
paft (Chapter 4): 1

_ The costs of the evaporator, operating and maintenance'costs and

~ costs of utilities were calculated according to Clark et al. (1969).

The cost of the anaerobic digester was estimated as described.in 5.2.2.



Table 19: Basis of Calculations for Evgporat1on

General Factors

Plant Size (m3/day) 1893

Period of Operation

3785 7570
300 days/year

Feed Characteristics 0.25% TS at 38°C

Evaporator Factors

Number of Stages 22
Maximum Tempe;ature (°c) - 120
Concentration Ratio 10
) Performance Ratio . 10

Electric Power

Requirement (Kwh/day) 9000
Financial Factors Equipment Life
Equipment - 25 yéars

25 31
120 120
10 10
11.7 14
18000 36000
Interest
163%

Insurance - 0.25% of Plant Invesjmnnt

9



5.3 Results
5.3.1 Cost Comparison of Anasrobic Treatment at 40°C and 50°C

When considering the total cost of any kind of waste treatment,
one should not think in “monay-makifdg" or profit terms. The basic
concept {3 “how can we decrease the necessary cost associated with
waste trestment”, ¢

The cost of the anaerobic units and the benefit derived from the
gas production are presented in Table 20 and 21, The cost of the
digester {s dictated by the volupe of the waste to be treated and
by so]ids\retention time required to achieve at least 90% BOD
and/or COD reduction. The cost of the supplemental heating is depen-
dent on the temperature differential between the reactor and the
outside air temperature and the amount and kind of insulation used
to minimize the heat losses. |

when comparing the efficiency.of CH4 gas production, the digester
operating at 50°¢ produced almost 36% more of the methane gas. However,

even at this rate, ft still was not sufficient to account for the

extra cost of heating required due to the digester heat losses and

the energy required to increase the incoming sludge temperature to 50°C.

On the other hand, the digzster operating at 40°C will be self
sufficient with some extra energy available to be used elsewhefe.

‘ Exémination of the cost comparison (Table 22) iﬁdicates that
_the greatest expenditure ($/day) is the costaof chemicals required as
supplementa] nutrients, followed by the operating and\maintenance
cost and the capital cost.

" There is very little ‘that can be done to offset the operating

and maintenance cost except for 1imited automatfion. Aiternative

/

9
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Tabls 20: Cost Analysis of the Anaerebic Treatment at 40°C

/day, at -.07 $/m

nergy
3er

and 4 Days SRT
Plant 1 Plant 2 Plant 3
Waste Flow (m>/day) 1993 3785 7(
Reactor Volume (n’) 7545 15090 30180
Capital Cost ($1000) ° 680 1319 2588
0 & M Cost ($1000/year, - 54.5 105.5 207
at 8% C.C.)
CH, Gas Produced (m’/day) 946 @ 1892 3784
~ Gross Heat Value (J/day) 3.43x 100 678 x 100  1.35 x 101
Estimated Heat Losses . 238 x 1010 4,77 x 1010 9,54 x 1010
(J/day) ‘,
Net Energy (J/day) 1.05 x 1010 2.01 x 100 3,96 x 101
lue of Available 25 50 98




Table 211 | Cost Amaiysis of the Mmserebic Treatmmnt at-

and 4 Days SAY y

'ﬂmt | Plast 2 Hmt 3
Veste Flow (n’/day) 1893 388 50
Reactor Volwme (n%) . 7845 15080 %180
Capitel Cost ($1000) 680 1319 2588
0 & M Cost ($1000/year,  S54.5 108.5 207
at 83 C.C.)
C, Gos Produced (a3/day)" 1290 2880 s160
Gross Heat Value (J/day) 4.61 x 1010 9,24 x 1030  1.88 x 10!}
Estimated Heat Req..  1.16 x 10’1 2.20 x 101! 440 x 20"}
(J/day)
Net Avail. Energy -6.99'x10'%  .1.27 x 101! -2.55 x 201!
(3/day) 4_
Value of Avail. Ene -142 -288 -578

) (‘Idly. at 0;07 ‘/.
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Table 22: Comparison-of the Anaerobic Treatment Cost.
- per day at 409C and 50°C and 4 Days SRT
‘ Plant 1 Plant 2+ Plant 3 _,
. 1893 3788 7570

" ‘Waste Flow (m3/day)

‘Tempefature (°C)

. 40% 50°C

< :
N a

Py

a0°c  50% - 40%  50°C

[ 4

Capital Cost ($/day) L

0% M Cost ($/day)
Chemicals”($/da})

;Gﬁstrgdit/Debit
($/day) -

745 74.5
149.3  149.3
. 48,0 378.0

25.0 -142.0

o

©144.5 144.5 283.6 283.6
269.0 289.0 576.1 576.1
' 968.0 756.0 * 1936.0 1512.0
50,0 2285.0 - 98.0 -578.0°

» .

- Tqtal Cost (§/day)

 682.8. 743.8

1351.5  1474.5 2697.7 2949.70
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unacceptab]e for the cqmmerc1a1 app11cat1on

.j.,- ' y | ‘ | | . 'v 96

vchem1cals wou]d have to b sought to prov1de cheaper source of

ammoni a and phosphorus. Desp1te high cost these supp]ements may be -
necessary if max1mum energy production 1s des1red However, the -
reduct1on 1n1cap1ta1 cost appears to be the principal var1ab1e that
can be substant1a11y 1nf1uenced by techno]og1ca1 1mprovements

As stated ear]1er the cap1ta1 ‘cost is d1rect1y proportional
to the waste vo1Ume and the so]1ds retention time. A part1a1

decrease in tota] vo1ume can be ach1eved by careful management

of water usage»w1th1n the p1ant and by re- d1rect1ng some water (1f

fperm1ss1b1e) to the’ storm sewers.

The qreatest effect can be ach1eved by 1ncreas1nq the b1o]og1ca1
act1v1ty of the d1gester thus reduc1ng the retent1on time and the
reactornvo1ume. Th1s can be accomplished by 1ncreas1ngkthe treatment -
temperature‘from 40°c to-SOOC._In'preVioosiysdeSCribed experiments
(Chapter 4).a'digester was Operated'at 50°C‘and‘2'days'SRT with i
81%’COD removal This wou]d reduce the tota] vo]ume of d1gester for

3

treatment -plant w1th waste f]ow of 1893 m /day from 7545 m”. to

4716 m3, resu1t1ng in cap1ta1 cost decrease from 74, 5 $/day to 48.2

_$/day Under the same cond1t1ons, the cap1ta1 cost for a med1um size

p]ant would. be 74.5 $/day (vs 144.5 $/day) and for a large treatment

p}ant 144.5 $/day vs 283.6.$/day. d

However, marked'reduction in the methane_gas production was

~observed at-2 days SRT. As the retention time is nearing'the treatment :

'“break point" the eff1c1ency of the organ1c matter removal is reduced

and the d1gester 1s more sens1t1ve to shock ]oad1ngs, a cond1t1on

3

Cost comparison (Tap]e,22) 1nd1cates that at 4 d&ys SRT the

i
3

E '



treatment at 40°%C is more economical as it is not only self-suff1c1ent
in energy/requ1rements, but additional enerdy in the form of CH4 .
ava11ab1e for other uses. A]though the CH4 gas production at 50°C was
approxwmate]y 36% h1gher than at 40 C, it was not suff1c1ent for the
heat requ1rements of the d1gester. The 1arge amounts of supplemental

heat requ1red wou]d make th1s a1ternat1ve uneconom1ca1 2

5.3r2 Evaporat1on/Anaerob1c Digestion Treatment

The cost Sstimate_r the MSF evaporat1on p]ant (Tab]e 23) and

the'operating and maintt'ance estimate (Tab]e 24) c]ear]y 1nd1cate
“-that the most 1mportant cost var1ab1es in decreas1ng order are:
(1) 'Cost‘of_steam .
- (ii‘)»'_E]éctric’ power cost |
'(fii)f 0perat1ng Tabour
(1v) Cap1ta] cost of evaporator N
With the except1on of operat1ng Tabour, there is an 1nterdependen-
;fce of other process var1ab]es, thus an optimum comb1nat1on has to be
- found to y1e1d the lowest costs | ‘ | ‘
‘Steam cost and the requ1red surface area (therefore, cap1ta1 cost)
are 1nterre1ated by the performance ratio (PR), mass -of d1st111ate/
mass of steam supp]1ed The 1ncreafe 1n PR resu]ts 1n decreased
-steam consumpt1on, however, at the same t1me the tota] surface area
| requ1red for evaporatlonv1ncreases; thereby 1ncreas1ng the cap1ta1
wicost S1mu1taneous]y, as the number of stages 1ncreases e]ectr1c
power requ1rements for pump1ng would 1ncrease.- |

~ The cost of evaporat1on was comb1ned w1th cost requ1red for a treat-

ment of concentrated anaerob1c waste for an econom1ca1 ana1ys1s.

i

\/
\“ B
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Table 23: Estimate of Multi-Stage Flash Evaporation Plant
| ~ Capital Cost o '
Plant Size (m>/day) 11893 & 3785 7570
Evaporator & | ~ 609,000 1,556,000 3,633,000
Accessories’ o ‘ ' : - o E
| Indiréct Capital Cost 105,000 - 185,200 434,000/
" . Eng. & Supervision. - ‘
Building & site © 110,000 290,000 684,000
Improvement | R o
Contingency (10%) 82,400 203,200 . 475,100
" Tota] Cost 906,400 2,235,400 5,226,100




Tab'le 24 Estimate of ‘the Operatmg Cos#of Mu]ti—S‘tage ,F]ash
Evaporator ($/day) '
_ n

Plant Size (m /day) - ‘u” 1893i,' o - 3785 7570
o&MCost {.'| a0 a0 0 20
supplies & Ma1nt' ' 'f' o ,74.» T T S
" Material (6, 25% of C C. ) S o '_ . :
'"E1ectr1c Power R ,y‘- '266,_ | S 533 ':,"10551

‘Steam Cost - - 71111 14550 © 2433

' Tota1 0perat1ng 1614 T 2238 3777 . -
Cost ($/day) Co O 1’\ : "
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5. 4fCompar1son of Anaerobic D1qest1on and Evaporationjﬁnaerobic

Process B \ .
To evaIuate the cost effect1veness of the reduction in tota1 o "

waste vqume an econom1c compariSon of the anahrobic versus evapo- |
-rat1on/anaerob1c treatment is necessary ‘

Taking as an example a pIant with a totaI waste f10w of 1893 m / '
'day, the cost of evaporat1on w111 be in order of 2100 $/day By - Y
"decreas1ng the waste vqume the capita] .cost for the anaerob1c '
 digester wouId.becreduced by a- factor of IQ, resu]ting in sav1ngs :

. of about 65-67 $/day FUrthermore 'the'distIIIate'can be‘wtthdrawn

at any - des1red temperature thus e11m1nat1ng the need for heat1ng of ;'-'
‘the dlgester 1ncom1ng sIudge Th1s wouId represent savings of 114 $/'~
day 1n the case of 50°C treatment | _

From Append1x III 7 11 x 104 kg of water/hour Is recovered and
‘fcan be reused w1th1n the pIant At a present rate of. 0 10 $/m
(TabIe 17) th1s wouId represent approx1mate1y 210° $/day saving. D1st11-
«'l ]ate produced can be cons1dered bacter1oIog1ca11y safe, however, strong =
v_obJecttonabIe odor-wou]d requ1re further treatment -thus decreasing

'the sav1ng vaIue S1nce the above quant1t1es of water w111 -not ‘be |
i‘d1scharqed into sewer, 125 $/day w111 be saved in. sewer charges.g
| The above ment1oned data are presented 1n | Table 25 From th1s

"‘data 1t foIIows that evaporatlon as a mean of concentrat1ng the raw

-v_vwaste pr1or to the anaerob1c treatment wouId not be econom1ca1 as it

' wouId resuIt in add1t1ona1 1ncrease in cost of approx1mate1y 963 $/day
; for 1893 m /day treatment plant However, the cond1t1on of sewage :

_ d1scharge for each 1nd1v1dua1 food processing pIant changes from one



_ Table 25: Comparative Cost of the Anaerobic Waste Treatment

"and the Combined Evaporation/Anaercbi é> Digestion

. ‘. o , -Treétment ($/day)

{
. I
: :

~ Anaerobic -

" Treatment

_Evaporation/
Anaerbbit -

Treatment

| Waste F1Qw'(m3/day),"
. Cap,i tal Cost ($/day)
~ Operating Cost ($/day)

Cost of Chemicals ($/day) =~

Value of Gas Produced

: Nater Cost/-Sa'v_ingi($/§iay)

Sewer Charges/Savings ($_/daY) .

1893
k 74,5
149
ag4
',;25f
237
f140.

1893
130
1963

378
S 4118
+210
4125

- Total Cost ($/day) - - -

'1059.5

- 2022.0
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location to another, Befdre deciding on the specific type of treatment,
each waste stream mdst be judged on its own merit depending on local

conditions.



CHAPTER 6 *
CONCLUSION AND RECOMMENDATION FOR FUTURE WORK

" The waste from meat processing p]antAwas successfu11y
treated under anaerobic conditions at 40°C and 50°C. COD reduction
of at least 90% was achieved at both temperatures at 4 days SRT,
comb1ned w1th sat1sfactory methane gas production.

The treatment at 50°C resulted in approx1mate1y 36% increase
in methane gas production as compared to that at 40 C However,
large quantities of an external heat were required to raise the
_ temperature of the incoming sludge to maintain the digester at
50°C, thus‘making it uneconomical. |

fTbe:inCrease in the treetment temperature from 40°C to 50°C
resulted tn the'increase of maximum 1oading}rete from 1.64 to
2.18 kg COD/m3/day respectively. k

From the~economicél point of view, the optimum cost-treatment
: effic1ency combination was achieved’at'40°C and 4 days SRT. The
‘concentration of waste by euaporation'and)subseQuent'treatment by
aneerob{C‘digestion would reéu]t in additional cost df §63 $/d§y,
mainly due to the high coet of steam (1350 $/day).required.

As a result of this study, the fo]low1ng top1cs are suggested
for future research _

1. A comprehensive study of the'digeSter microflora at

mesoph1]1c and thermoph1lic temperatures

2. Study of the nutrit1ona1 requ1rements of the m1croorgandsms |

b
at SOQC-that would result in 1ncreased biogas productiqn.
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3. Anaerobic digestion at mesophilic and thermophilic
temperature using continuous substrate feed system
" (e.g. anaerobic filter application).
4, Two stage anaerobic digestion system - to separate "acid
| forming" stage (at 35-3700) from methane producing stage
- (at 50°).

In today's food manufacturing, waste, because of its unproduc-
tiveness and the cost associated with the treatment, is looked at
as the "neceésary evil". The increased cost and need for energy
willvundoubtedly make the_anaerobic prbpess more and more accep-
téb]e not only as an.effect1Ve treatment but also as a contributor |
of a valuable energy that could be utilized by the particulafr_

" plant concerned. g

‘
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CAPPENDIX 11

',_Values used for ca1cu1at1ons

' Spec heat of waste = 4200 J/kg °C

i

L = Latent heat of vapor1zatnon 2.33x10° J/kg‘_

 U :Overa11 heat transfer coeff. = 2830‘w/m2 9C
'.Wasté kéqir¢uiated/kg of'distillate:_“
' o C(Tmax_- Tdié)

,,
w
&5

Performance ratioz

' R ='Tméx - Tdis
“Tmax - Tin,-‘

Total diéf111ate'pﬁbducédi‘”
.

Wd - NR (Tmax - Tdis)iy’n

'  Number of stages: ) ; S

=19+ (6 x mgd).

"Area'required'per;un1t mass'of'disti]1ate méde'pér unit time:

T

‘.'_AS fU’(Tmax - Td1s) 1n (nnr)

i i
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}Entha1py'input in the heater:

' Heat baTance’ph‘briﬁe heater:

=
]

]

BERR SR il Fe g 2 ah skt g LR E SRV w*ﬁﬁ bt i i it R L T O ISR

AN

1000;, ,

H_#feRde.= wrs‘(Tmaxi- Tin)

_ugmié(wffwgeﬁmusaﬁnrc.'

, Mass of was te reqyc]ed

v Mass of d1st1]1ate ‘

E
e
1

' Mass of steam |

Mass of feed

';Tmax - Max1mum temperature of waste

‘Td1s - Temperature of d1scharged waste

L

54
et § NI RFIBII AT TR Rt A [SE

jT1n ~ Temperature of waste before enter1ng heater



APPENDIX IIT .
ST
Plant Waste Flow - 1893 m’/day
Input- .~ ‘Flow Rate’ . * = Temperature .

otk o (%)

Waste Feed- 7;9-‘-f." h . .38
'“:‘Recyciéd_wasfe-;A-" ' L 3 R
_from Heater .~ . 57.0 . oL l120

1

- .Output

pistillate 71 T 500

Wiste Recycle -~ 57.0 . .. - . 13
to Heater : ' SR ' :
Concentrated o079 50

 Waste . - R

© Stean to Heater  0.705 . - 125



