Chapter 2

Theoretical Consideration

2.1 Biochemistry of A

In anaerob g on T i “ﬂigg:-ms obtain energy for their
life processes m res ‘~ans of both organic and
inorganic mate t reactions are : (1)
degradation of : enitrification and (3)

sulfate-reduction actions are as follow :

2.101 e g B AN :"‘:, - ‘ S ‘-" tteI‘S

ion of organic matters consists

of three stages: [see also Fig.2.1)

a1 EE fj 8% %’wﬁq FH. comlex molecules

such as &drbohydrates, gglysaccharldes, 11p1ds and proteins are
hydqmﬁﬁtﬂlw %WMWIQIB enzymes. For
exanﬂle, carbohydrates are hydrolyzed into glucose by amylase,
proteins are hydrolyzed into amino acids by protease. As for fats and
lipids, with the result of glyceral and fatty acids, they are
hydrolyzed very slowly by lipase and enterase respectively. Hence the
hydrolysis might be regarded as a rate limiting step (including
methane production) for a waste containing considerable amount of

lipids and other slowly hydrolyzing compounds.
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Fig.2.1 Scheme of anaerobic conversion (Zeevalkint & Maaskant, 1984).



2. 1102 Acid Formation

These hydrolysis products are further
fermented into various intermediates, mainly volatile fatty acids
(VFA) such as acetic acid (CH3COOH), propionic acid (CHsCHZCOOH), and
butyric acid (CH3CHZCHZCOOH) The other intermediates, i.e., organic
acids, alcohols, hydrogen (HZ)’ égfbpn dioxide (COZ), ammonia (NHj3)
and sulfide ion (82 )are alsg found in this stage (see Fig. 2.2).

This results from™the re ctiob of a hardly separable group of fast

growing facultative sand oblig%ﬁely anaerobic acidifying bacteria or

"acid formers.™ T J'dfbtoép&tion rate is high compared to the

i

-~ MethaneProduction

"i-. l_._

. s Durlﬁg this s}age, methane (CHy) is

o

produced by slqﬁly growing obligately anaerobhc bacteria or "methane

—

McCany (1964) suggested that most of the methane is

”

formers.
produced from propicnic and aceti€ acid. This stage is a very slow
process whichidisla réate-limiting Btep of anaerobic digestion. Methane
formers are generally known as very sensitive to 'disturbances. They
account' for!the main COvaedéction of ‘the effluént, and work well at
a pH of about 7. So it is a cause to the instability if there are
considerable increase in intermediate products in the digesters; thus

good pH-control is absolutely necessary.

We now have an alternative three-stage scheme which
is best suited to describe the present knowledge of anaerobic

digestion. This is shown in Fig. 2.3. The complete degradation of
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Fig.2.2 Anaerobic decomposition of organic matter in hydrolysis and acidogenesis.



organic matter to carbon dioxide and methane involves four, not two,
groups of bacteria. The new concept of syntropism in anaerobic
cultures enables better understanding of the way these organisms are
metabolically dependent upon each other for survival. Namely, the

fast growing acid-forming group (minimum doubling time of 2-3 hours

» propionic, and butyric
acids. Then the seco ". ybi _‘;.d.—g&—upﬁ,the acetogenic bacteria,
takes hold of th " : compound producing acetic
acid, hydrogen : tions can be illustrated

ollow :

+ 2002 + 4H2 .o-o-ococo(l)

CgH1206 + 2005 + 2Hy .....(2)
CgHyg0g + 2Hy ——fsSr——mo—e >@2CH4CHyCOOH + 2H90 ....uvvvve..(3)
*umwﬂmwmm

acetoggnlc bact.

°“@W'Tﬂzﬂﬂ‘ifﬁﬁi‘tﬂ’i’3‘wﬁl’fﬂﬂ“z P

acetogenic bact.

CHBCHZCHZCOOH + ZHZO ST _"'> ZCHscOOH + 2“2 L S N N N N SR (5)

The terminal methane group comprises the
methanogens effectively utilizing acetic acids and those utilizing

the mixture of hydrogen and carbon dioxide. Namely, the slow growing



acetoclastic methane bacteria (minimum doubling times of 2-3 days at
356°C) are responsible for converting acetic acid into methane and

carbon dioxide according to the reaction :

CH4COOH --——----f~]--—> CHy + COg L SO e )
Andqggp hydro lizing methane bacteria are
_,-!ﬂ-r

responsible for @ﬁng ‘A’the K ture of hydrogen and carbon

ing to thbxggyctlon :

recently known that these“fbrns;ﬂs:ggptrol, as described above, are

".-"_—__'_ |||'

regulated by \-_t))e trace of hydmgen_thze'&gjthe bacteria in the
\ ' ,

digester. Theq*énactlons draﬂn i : —> are obviously

sped up by hlgﬁ concentratlons of hydrogen, but notice also the

reactions ﬂdu‘ﬁ.l tsj t‘w w ?ﬁlﬁ f‘}}ﬂ ?eactlons are the

conversion '‘of hydrolysis products 1nto acetic acid (see example from

= QR QIR B A .
surge|loads, it can slow down the overall rate of acid production.
Moreover, it can further reduce the acid load by diverting some part
of the acid products towards butyric acid (by producing one mole of
butyric acid instead of two moles of acetic acid, see Eq. (2)).
Sometimes events proceed further and trigger accumulation of
hydrogen; the bacteria will response by putting the hydrogen into
formation of propionic acid (see Eq. (3)). The hydrogen also controls

the rates at which propionic and butyric acids are subsequently
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Fig.2.3 Regulation of me_tab‘olism in the anaerobic process (Mosey, 1982).
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reversed into acetic acid. This provide the methanogenic bacteria
with the prime substrate for methane production. Thus, we can say
that the trace concentration of hydrogen regulates not only the fatty
acid productions but also the rate of methane formation in the

digestion control (Mc Inerney, Bryant and Stafford, 1980; Mosey,

1982).

a,‘stewaMe reduced by facultative
denitrifying bac ic can&l&&ons provided a source of
carbon is avai b4 bagierla is heterotrophic
organisms i.e., Pséu c er, Bacillus and Micrococcus.
They obtain energy ;» i ochemical reaction between
nitrates and organi T;Egggy,n trates (NO3) are presumably

reduced to nitrites (NQQJ_}andE§§§¥;;eductlon of nitrites occurs.

Reduction of ?-ln.te carried al%{

bacteria, but m?:T of then ;};" ion to nitrogen (Nz) gas

mmonia (NH3) by a few

which escape wit the dlgester gas produced (Sawyer & Mccarty, 1978).

For exanpﬁ weﬂﬂhﬁﬂwﬁlngné']ﬂbﬁx source, nitrate is

converted to nitrogen as the following equatlon :

g dejont L ‘im b 3&'1’3 DEARLL, .

2.1.3 Sulfate Reduction

In the absence of dissolved oxygen and nitrates,
sulfates can be served as a source of oxygen (or electron acceptor)
for anaerobes called sulfate-reducing bacteria. This group of

bacteria is also routinely found in the digester i.e., Desulfovibrio,
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Desulfotomaculum. The biochemical reaction of sulfate are shown in

the following equation :

So%- + OI‘gaﬂiC matter ---------- > Sz— + Hzo + 002. s e e (9)

soluble or insoluble er‘l, de - pon the cation with which they

become associated. A'tha noz_"nal éer pH level, metal sulfides

Sulfides prti ed from the reaction may exist in a

E——

can precipitate tdﬂ.—-:

soluble sulfides

_a. black caq"i-m'm solution. The remaining

en sﬂlflde (Hzg') that some extent can be

-

released as a gas c : j_:eg_%gg gas" to the biogas production.

2.1.4

1cr¢p’!ga ﬁq,s re o‘nsuble for acidogenesis are
well known as the acid fdmﬁr @etmes called "non-methanogens."
These groups oﬁ bactﬂé‘ﬂé’:ﬁhlﬁa‘y;"‘é‘(;ﬁsi&t: ?_i both facultative and

M
obligately an@e

vn..jlnd them in natural

environment such:ﬁs sewage slu&g@zr organic | ediments and the rumen of

cud chewing animdles Table 2.lo.shows various kinds of the non-

SULINYTWHANI,. ner e rown

gram-negatwe facultatlvefrods }1 ositive @dcci, endospore-
9

rorsths fooh ki efakdo bt sk sehbd o ki, 1900 T

is snular to the result from the experiment with the separated

methanoge

upflow anaerobic reactor by Cohen, Zoetemeyer, Deursen & Andel
(1979). The microorganisms observed in the acid reactor were reported
to be white in appearance, consisting of rod shape bacteria in
variable lengths; and young cells (just after division) were gram-

negative, whereas older cells were gram-positive.



R ]

13

The methanogenic microorganisms are fastidious
anaerobes which have strictly requirements for redox potential and
oxygen absence. The methanogens are unusual in that they are
composed of many species with very different cell morphologies. They
are reported in various typ of cocci, rods, or even filamentous
shapes, found in both ‘grw i! nd gram positive. Moreover, it
can not locate smgl‘!hzmles of ﬁfogens in purified agar due to
the fact that the!'ﬁ?‘rrtﬂ

(William and Claw ol

gr W wx on—methanogen contaminants

. h&y ar;\black and smell of hydrogen

sulfide after trea : ‘I_N ; k (Cohen ¢ al., 1979). Table 2.2

show a number -.grou nq ‘r.the"hethanogens (McInerney et
al., 1979).

,‘.l T; il o

2.2 Methane Production*

The | e%d products Qbhm_n.eﬂ_-ﬁgrganlc destruction in

anaerobic proces.sq is "blog&a.

1 referred to as a mixture

———

g S

of methane (CH4) a.nd carbon d10x1de (COZ gus traces of other gases,

ice., hy:ﬁgw Hm fﬂﬁ%ﬁw 8ﬁrﬂa§(m3), and hydrogen

sulfide (l-&ls), etc. Table 203 shows the typlcal gases which are
0 ORI OIS NA] N T o e
is the major portion in the composition of product gas. Jeris and
McCarty (1965) estimated that approximately 70% of methane came from
acetic acid formation. At present, the two theoretical methane

production are accepted as follow :

1. Acetic acid cleavage : (McCarty, 1964)

CHgCOOH ---==---=-- > C*Hy 4 COp..vvnn...(10a)
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Table 2.1 The non-methanogens that has been found in anaerobic
digesters (Toerien & ‘Hattingh, 1969)

Genus Bacterial species Reference
Aenobacter A. aerogenes Toerien (1967a)
Aeromonas Aeromonas Ap. Kotze et al. (1968)
Alcaligenes A. bookernid Toerien (1967b)
A. faccalis McCarty et al. (1962), Toerien (1967b)
A. viscolactis McCarty et al. (1962)
Alcaligenes &p. Korze et al. (1968)
Bacillus B. cereus l Hattingh et al.(1967), Toerien (1967a,b)
B. cmw vaﬂ. myc i gh et al.(1967), Toerien (1967a,b)
B. cin (1967a,b)
B. ¢ M . (1954)
B. § 1967b)
B. k Burbank (1965), Burbank etal. (1966)
B. Hattln . al.(1967), Toerien (1967a,b)
B Hattlhgtk::l .(1967)
B. \ 'Hattingh 1.(1967), Toerien (1967b)
B | Toerien (1967b)
B. ‘wraenen (1967a)
B erien (1967a)
Bacteroides B “Post et ali(1967)
CLostridium C4 n & Atadtman (1960)
c% son & Burbank (1965), Burbank etal. (1966)
Eschenichia E. \ qi (1962) , Cookson & Burbank (1965)
tal. (1966), Toerien (1967b)
%67&
al.(1968)
Keebsielia et al.(1966)
Leptospina
Micrococeus
Neissenia
Paracolobacirum

Proteus
Pseudonionas

Toerien (1967b)
{Toerien (1967a)

VSR e

Toerien (1 7a)
Toerien (1967b)

VR e

Poeu.dom.onab dpp. Burbank et al.(1966), Hatting etal.(1967)
. Kotze et al. (1968), Toerien(1967b)
Rhodopécudomomu R. pulusinis Toerien (1967b)
Sarnclna S. cooksonli Cookson & Burbank (1965), Burbank etal. (1966)
S. futea McCarty et al.(1962)
Sevatia S. 4ndlcans Burbank et al.(1966)
Streptococcus S. diploddus Buck et al.(1953)

Streptomyces S. bikiniesdis Toerien (1967b)




Table 2.2
A revised grouping of the methanogen classified by using the 165 ribosomal RNA sequences and substrates
(McInerney et al., 1979)

Former designation Substrates for growth
o and CH, production
Order 1. Methanobacteriales (type order)
Family I. Methanobacteriaceae , \
Genus I.  Methanobacterium (type genus) - '
1. Methanobacterium formicicum (neotype species) Methanobacterium formicicum H,, formate
2. Methanobacterium bryantii . Meihanobacterium sp. strain M.o.H. H,
Methanobacterium bryantii strain M.o.H.G. 4 4 | | Meihanobacterium sp. sttain Mo HG. H,
3.  Methanobacterium thermoautotrophicum r ri '_,«Melharipch!erium thermoautotrophicum H,
Genus II.  Methanobrevibacter 'y
1. Methanobrevibacter ruminantium (type species) rFF- (Methanobactermm ruminantium strain M1 H,, formate
2. Methanobrevibacter arboriphilus Fr- Me!hanoﬁacfermm arbophilicum H,
Methanobrevibacter arboriphilus strain AZ B _Melhmtbﬁa_glermm sp. strain AZ H,
Methanobrevibacter arboriphilus strain DC # Methanabacterium strain DC H,
3. Methanobrevibacter smithii _Melhanob;crgémm ruminantium strain PS H,, formate
Order II. Methanococcales o S
Family I. Methanococcaceae St ST
Genus I. Methanococcus b Y.
1. Methanococcus vannielii (neotype species) S Meihanococcus vanniclii - H,. formate
2. Methanococcus voltae wd Methanococcus sp. strain_PS H,, formate
Order 111. Methanomicrobiales o ’
Family 1. Methanomicrobiaceae (type family) i
Genus 1. Methanomicrobium (type genus)
1. Methanomicrobium mobile (type species) Methanobacterium mobile H,, formate
Genus 1.  Methanogenium -
1. Methanogenium cariaci (type specncs) Cariaco isolate JR] H,, formate
2. Methanogenium marisnigri : Black Sea isolate JR1 H,, formate
Genus Il11. Methanospirillum
1. Methanospirillum hungatii Methanospirillum hungatii H,, formate
Family ll. Methanosarcinaceae '
Genus Il. ‘Methanosarcina (type genus)
I. Methanosarcina barkeri (type species) Methanosarcina barkeri H,, CH,0H, CH,NH,, acetate
Methanosarcina barkeri strain 227 Methanosarcina barkeri. strain 227 H,, CH;OH, CH,NH,, acctate
Methanosarcina barkeri strain W Methanosarcina barkeri strain W H,, CH,OH, CH;NH,, acetate
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2. Carbon dioxide reduction : (McCarty, 1964)

002+8H ----------- > CH4+2H20.--cooto(10b)
Table 2.3

Chemical and physical properties of gas production (Wheatley, 1980)

Typical biogas

Property : ‘% Hy (60%CH,/40%C05 )

% by volume 100
Energy value 5.4
(Kcal/litre)

Explosive range 6-12
(% by vol.with air)

Density 1.22
(g/litre) C 760 mm

Specific graviyt 0.93

(relative to air

Critical tenperaﬁé}e
("c) ‘

wee Iy M venne

Odour none ¢ none
A " L _l

Buswell and Mueller (1952) developed the following equation

to predict the quantity of methane from a knowledge of chemical

composition of the waste:

CplgOp + (n-9-b) Hp0 ---------- > (n-a+b) CO, + (n+a-b) CH,
42 284 284

017548
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McCarty (1964) proposed that the theoretical methane
production from complete stabilisation of 1 Kg of ultimate BOD or COD

was 0.351 m3 at - STP.

important parameter in

anaerobic fermen Cesse %Y 7, at higher temperature,
rates of reactio ' lting in more efficient
operation and s  ' There are two optimum
temperature levels, 65?E£ phil é& evel range from 35° to 40°C
and the thermophili £ }:;f:; 55° to 60°C (see Fig. 2.4)

Although the rates ozéggggﬁigr he thermophilic level are much

the operation economically

attractive (Pfe er, 1974)

A UAINUBIHEIAT s roee i,

who found that there was 1ﬂ$rovement din g production and substrate
utlaaw)r] ﬁlﬁ ﬂ jm ilﬂml] g VlI‘EJ ’Jna(zul that when the
optlmum temperature in mesophilic range was 40°C, gas production at
45°C was not much better than at 35°C and, while the gas production

increased in the transition from 40°C to 45°C, until reaching 43°C

the gas production decreased, as shown in Fig. 2.5.

Van Den Berg (1977) studied the effect of
temperature on growth and activity of a methanogenic culture

utilising acetate. He reported that the culture had an optimum growth
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Fig.2.6 Etfect of temperature on gas production (Tebbutt,1971).
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temperature of 35°C, with only small differences for other
temperatures between 30°C and 40°C. The maximum temperature for

growth was 42° - 44°C; the minimum was below 15°C.

The internal temperature of the anaerobic digester
is around 2°C to 3°C higher th%n the ambient temperature (Polprasart

/
& Thanh,1979). According to Kobé%:, Thiel & Hattingh (1969), the
methane bacteria i§ rather §pnsi€iv§’}9 sudden transition of the

temperature juf::gg;e

production is chan .'Ip ogder to gain the stability process, the

1ng|2°C to 3°C; the resulting methane

temperature should - Iat g&harrow ranée. The maximum acceptable
thermophilic co
respectively.

2.3.2

" W

:jbfmange in COZ content cun ﬂbrecast difficulties in

anaerobic digestipn process. In normal digester, COZ is released due
to decomposition ‘ofwthe organié patter, a combination of it and
ammonia, aiso produoed-b% biologicall activity, brovides a source of
alkallnlty. As the process becomes retarded and volatlle acids begin
to accumulateg the acids’ténd “to react with the avallable alkalinity
to form salts of the acids and release COy from the system, as shown

by the following equation :
R"COOH + NH4HC03 ———————— > R‘COO'NH4 + COZ + HzO. ses s e (12)

Therefore, because the methane-producing mechanism

is inhibited during the accumulation of volatile acids, the



RS

percentage of €O, released is increased. This is accompanied by a
decrease in CH4 content of the digester gas (Pohland & Bloodgood,

1963).

It is recommended that, under proper condition, the

CO, and the CHy in the gqi range from about 30 to 35 percent

N

e

and 65 to 70 percent,gg_hi

s manual of practice No.16).

2.3.3

of bicarbonate a

by Eq. (12). The s

alkalinity. The reason’ps‘thggiggvaolatile acids increase, the

= .-—’:-" ¥

reducgd

bicarbonate &¥;

gzztile acid alkalinity,

with a result that there is a o t1ly decrease in the total

alkalinity value (DiLallo & Albertson, 1961).

F=% Qs
ﬂ u EJI'Q mgmtﬁ maﬂnnnj be approximated by
the formula ‘that was derived by McCarty.(1964)

AR1ANN I AN IR

= TA - (0.85)(0.833) TVA...«:ss:(13)

where :
BA = bicarbonate alkalinity, mg/l as CaCOq
TA = total alkalinity, mg/l as CaCOq
TVA = total volatile acid conc., mg/l as HAc.

Regarding pH, it is normally considered as a

function of the bicarbonate alkalinity. According to DiLallo &



Albertson (1961), it is difficult to differentiate between pH and
alkalinity, and they are best considered as one effect. With this
reason, the pH will change only slightly until the excess volatile
acids exhaust the available bicarbonate alkalinity. Thereafter, free

volatile acids are present and ;the rapid decrease in pH are obtained.

| ’Qr//

McCarty (1964)>”fgibustrated the relationship

between pH, blcarbonate alkaliﬁlty, and COZ content in digester gas

produced in Fig. g,ﬁ’ﬁf

a pH ra

recomﬁ;nded that anaerobic treatment proceed

reasonably well e of 6.6 to 7.6 with an optimum of

about 7.0 to 7.2./He e 1qg1cated that a significant inhibition

écourréd'when pH values dropped below 6.2.

-l

of methanogenic bact
The desirable rang

not be below 1,000 m

L J‘; v

. Eimlei £ Syﬁés 11971§,reported that sodium
|

bicarbonate (Nagpo3) was the best chelzcaf'réggent for controlling pH

of anaerobic dlgﬁytlon. This was because 1b had a high solubility and
performed directly sas a functiom/of bicarbonate alkalinity to the

system.

A more  recent’ work 'by Lettinga’.and Vinken (1980a)
showéd that ;lkalinity was an eminent ;nd important factor in
operating high-rate anaerobic processes. They found that the
substrate solids were accumulated if the supply of alkalinity was not
resumed in time. Consequently, the pH would reach critical levels;
this obviously resulted in a serious reduction of the sludge age and

the methane production.
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Fig.2.7 Pathwéys in methane fermention of complex wastes such as domestic
waste sludge. Percentages represent conversion of waste COD by
various routes. (McCarty, 1964).
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2.3.4 Volatile Fatty Acid (VFA)

Volatile fatty acids (VFA’s) are the intermediate
in the anaerobic digestion process. Fig. 2.7 shows just a few of the
many steps through which a complex waste such as domestic wéste
sludge must pass during 1t version to methane gas. About 72
percent of the organlq latt /Pjﬂﬂ! verted to acetic acid before
finally being chang C megbanngu!"The remaining of the methane

gas results from f!!ﬂgipr’

and propionic acids

fons of ot‘h‘“VF!s such as formic, butyric,
7 \ N

-

toxicity or toud ' ¥k ;ji Jalu :yDuq%ng retardation process,
VFAs begin to accumula
slight decrease in ,u,¢i :?r the excess VFAs exhaust the
available blcarbonate?_lkalqyzai: When the pH reaches the

danger-point, @jlcauses the d1gesten_ta_s!ﬂ§
\

oduc1ng gas.

ijBusweII" s ommendgg that the concentration

of acetic acid shéuld not exceed.2,000 or 3,000 mg/l, in order to

sl a,,ﬂ.,uﬂ il ﬂmﬂ ANUNE S e it
q Wf] a Qﬂﬁmi‘]’m‘?% ‘Efqeﬁe%] production of

volatile acids should destroy the buffering capacity of alkalinity in
the sludge, lower the pH, and reduce gas production (see Fig. 2.8).
Furthermore, he recommended that the normal volatile acids should be
250-1,000 mg/l; if they exceed 2,000 mg/l, the system would be in

trouble.

According to Andrews, the undissociated VFA was
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Fig.2.9 General effect of salts or other materials on biological reactions
(McCarty, 1964).
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inhibitory, since the bacterial cell wall was far more permeable to
undissociated molecules in comparison with their ionised state.
Therefore, more VFA would be taken up by the organisms at low pH
values. Once taken up, the VFA’s dissociate within the cell and cause
a decrease of the pH, which would adversely affect the enzyme

activity (reffered to by van Vefgﬁg;gnd Lettinga, 1980).

>

Lettinga and, Vinhken (1980) reported that the VFA

increased concentrufiéhv;n thé effluence directly after an increase

- >
in the loading ::pnfi;d afg}r a period in which an inadequate

quantity of NaHCOé ; d"geﬁ:sppﬁried to the feed solution.

r i - -

|

'né-to égch’s Manual of Practice No. 16, the

ratio of VFA/alkalini ﬁdﬁ;be ﬁggd:as a sensitive indicator. In any

*JI'
ol o
—

event, the ratio abo e 0s3-to 0:4°

o i
el

ﬂdicates stress to the digestion

process. If this rat}g_f@achedﬁ@L&L the process failure will be

anticipated. 7 : S
(= - =
v._."f_ _LJ

2.3.5 Nutrient Requirements

Nutrient is one |of’ the 1important factors for
bacterial growth. In anaerobic system, the nutrient requirement is

low ‘because lof,'the 1ow yield of excess sludge exisbing.

Speece & McCarty (1964) calculated the nitrogen and
phosphorus requirements based on an average chemical formulation of
biological cells of C5H903N. Nutrient must be adequate to satisfy
the cell growth requirements. The nitrogen requirement was about 11%
of the cell volatile solid weight and the requirement for phosphorus

was equal to about one-fifth of the nitrogen requirement. McCarty
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(1964) suggested that the nutrients requirement for anaerobic
treatment process should be kept such that at least the ratio of

ultimate BOD or COD : N : P equal to 100 : 1.1 : 0.2.

Lettinga et al. (1980c) reported that, although the

‘f,y essential nutrients had been
or

the minimum requirements; if

nutrient requirement was

presented in an av&

not, poor COD remo res

,rn_iénts are concerned, it is
known that the in the growth of anaerobic
organisms. Esp ) s o be important. However,

so far very little T 2 j : e as to the questions of

which elements ar ial and - concentrations they should

2.3.

orgaic and inorganic, may be
toxic or inhibitorysto the anaetdbi‘c waste treatment process. The
term "toxﬂ'uﬂgm ﬂmlﬁ mﬂg‘laﬁat which a material
becomes to}ilc or inhibitorf may varys<from a fraction of an mg/l to
sev&ﬁalﬁrﬁ n/‘i B uzwamﬂflﬁ eneral effect
resul:ing from the addition of most substances to biological systems.
At some very low concentration, stimulation of activity is usually
achieved. This stimulatory concentration may range from only a
fraction of an mg/l for heavy metal salts to over one hundred mng/1
for sodium or calcium salts. As the concentration is increased above
the stimulatory concentration, the rate of biological activity begins

to decrease and in some cases stop methane production.
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McCarty (1964) classified toxicants in anaerobic

digester into 4 major groups as follow :

(a) Alkali and Alkaline-Earth Salt Toxicity

Ly \*. found that toxicity is normally

associated with the ‘EL}Oﬂ’ an the anion portion of the

salt. Table 2.4_2E2§L£ancen rat"‘ﬁ1rthe cations of these salts

which may be sti a\ tho!;\iiigh may be inhibitory to

1‘1

|
LY
. %

2T '("".,. Q.

: N
anaerobic treatm

d E§ comb né@iShs of these cations are
he . erfez comes m})re complex as some of the

present, the nat

v o
',, ‘L',-‘A

cally; r ing the toxicity of other cations,

‘l .r,r s
! e

while others act synefg;éilc increasing the toxicity of the

cations act antag

n‘-" '

other catlons.nFor exalpl'e, fit% g fund that 7,000 mg/l1 of

sodium may sig z ',~3 _?j; treatment. If 300 mg/l of

potassium is adgﬂd thls“r-“j“;‘ on may @# reduced by 80%. If 150
mg/l of calcium fsethen added,".the inhibition may be completely

crsntoscoSpld Bl AYIEI D WS TL B ot sotastn

no beneficial effect at allgﬁould be achieved (y;]:CEq EJ 1964).

4N AN d1E

9 (b) Ammonia and Sulfide Toxicit

Ammonia is usually formed in anaerobic
processes from deamination of wastes containing proteins or urea.
Inhibitory concentrations may be approached in industrial wastes
containing high concentrations of these materials. Ammonia may be

present either in the form of ammonium ion (NHZ) or as dissolved
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Table 2.4
The cation of inorganic salts which have influences on the anaerobic

system (McCarty, 1964).

Concentration range (mg/l)

Cation

ﬁerately Strongly

~wwinhibitory Inhibitory

2 |

Sodium (Na‘t)

~.3,500¢

B, W

5,500 8,000

Potassium (K

+2

4,500 12,000
Calcium (Ca 4,500 8,000

Magnesium (Mg* - 1,500 3,000

e Tatter

AN T

ammonia (NH3) gas; th

concentration;ihan the !brlgnb‘z &‘ ntrations between 1500

and 3000 mg/l % ftk‘ﬁufy'w a pH greater than 7.4,

I
Ai]concentrations about 3000

ng/1, the quﬁlwﬂﬂ%’w:ﬂ fTﬂdjess of pH. (McCarty,

1964).

AR TRUBAT VYDA L seotces v

sulfate reducing bacteria from reduction of organic sulfur compound

I '
NHg concentratirj can become inhibitory.

and other sulfur-containing inorganic compounds, as well as from
anaerobic protein degradation. Sulfates (SO%') usually represent the
major precursors of sulfide (Sz') in numerous industrial wastes such
as wastewater from starch and fermentation industries, yeast
production industries, and the pulp and paper industries, etc.

Moreover sulfides are also derived from the sulfate in the "hard"
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water. Sulfate itself can inhibit methanogenesis from acetate to a
distinct extent at a concentration exceeding 5 g SO%—/I (Lettinga et
al., 1985). Sulfide, particularly undissociated HyS, is highly toxic

in common anaerobic processes. Recently, the experimental result

obtained has been reported Vt 50% acetoclastic methanogen was

inhibited at 250 mg/ ' ‘ A/

{ / nd pH range 6.5-7.2 (this is
referred to by Lett'ép
A——

t 31, . However, modern high rate
T—
anaerobic treatm

tention time, i.e., UASB
and anaerobic 'latively insensitive to

inhibition by s

ions, even at low

"‘_JP
‘ . ri) I ]
digestion prociises,: My ( that concentrations of

\
copper, zinc, land

'\_' and these salts were

associated withﬂaoét sofﬂleavy metal toxicity in

anaerobic treatment ., However, thissmetal ion was normally reduced to

the triva[‘%uﬁl{l&[} S INENILN Y s atatocor

levels and consequently wad not very £boxic. Iron @nd aluminum salts
wer%m ’latﬁﬁ g:m u m:l’JOmiju:l ayE.l Concentrations
of the more toxic heavy metals (copper, zinc, and nickel) which could
be tolerated were related to the concentration of sulfides available
to combine with the heavy metals to form the very insoluble sulfide

salts.
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d) Toxic Organic Materials

There are many organic materials which may
inhibit and may be toxic to the digestion process of such substances
as formaldehyde, alcohol, long-chain fatty acids, chlorinated
compounds, and aromatic compounds, etc. For example, methanol is
reported to be detrimental to am‘é:gplc treatment at concentrations
between 1000 to 2000 mg/l. Soéium ofgﬂi 1s found to be inhibitor at

concentrations exeeeding 500 g/l (McCarty, 1964). Noack stated that

&d

CHZClz are widely kn n to be thiy at a low concentration. However,

i-ﬂ(f
a recent experiment 1ndeated fﬁat the digestion process can be
- .‘Jl

restored from a-CHCl3 1nh1b1t1on by strlppiggi}t from the system with

Ny, provided €ﬂ£|CHCl3 concentration is uﬁt exceeding 2 to 3 mg/l
(Lettinga et alJTJ1979). L’

Soeécé'(1985) conducted an experimental observation
with cyanlde, chloroform, formaldehyde and other tnx1cants, he found
that the hethanogkns had t&g Iblllty te recover ftpmgand acclimate to
relat1ve1y high concentration of these toxicants. Nevertheless, the

information available in this field is not yet sufficient; the more

comprehensive assays are still needed.

Recently Koster and Cramer (1986) reported the
effect of four saturated long-chain fatty acids (caprylic, capric,

lauric, and myristic) and one unsaturated long-chain fatty acid
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(oleic) on microbial formation of methane in UASB reactor. They found
that lauric acid appeared to be the most versatile inhibitor.
Moreover, it was able to act synergistically, increasing the toxicity

of capric acid and myristic acid.

hydraulic loadin ig |controlled™®y influent flow rate (or

N
ANNS
9 AN

~uses organic matter input

Another parameter, solid

loading, emplo olatile solids (VS) to

control the unit ¢ loading rate is varied
with hydraulic refen bnﬁiwaiﬁﬁ e solids and COD concentration of

substrate (according ‘err,-é 5n below), but also affected by

temperature.

B YT PR T roms st v 1e

effective vilume of the dlgester.

ARIANA FANRIANYIALL, s

accunulate volatile acids which are known as "sour condition." This
may result in reducing both pH-value and the treatment efficiency. On
the contrary, in the underloading circumstances, the rate of gas

production obtained is very low. (Polprasert and Thanh, 1979).
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2. 3.8 Hydraulic Retention Time (HRT)

The resident time of the feed in the digester
before it is replaced with new material is theoretically calculated
by dividing the effective digester volume (V) by the rate of material

input as follows:

v
Q

microbial growt ’ A ng enough to allow the
maintenance of ] ion. There is a minimum HRT below
which efficien gn F' ‘/ceas e to the wash-out of the

P

afj’?ﬁf—'\
¥ )

growth rate (dg'l). e w@hout of slowly-growing

anaerobic bacterfiay a minimum®.8RT must be maintained so that
microorgarﬂnuﬂ:lm ﬂcmiﬁtw ‘El;lllﬂje determined by HRT.
Y

These conditions require lﬁ'iil reactoffsvolumes with'their associated

I AANTI T ANTINETR E

New anaerobic technologies have incorporated
changes which allow the HRT and SRT to be varied independently.
Typically, the solids in the reactor effluent are allowed to settle
and are recycled back to the reactor influence. This modification,
called high-rate anaerobic process, allows long SRTs to be maintained

even with large hydraulic (short HRT) throughput and, as a result,
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the size of the reactor and associated cost have been reduced
significantly. Recycling the solids allows a faster development of a
biological population, thereby reducing start-up time. (Christensen

Gerick & Eblen, 1984).

7

2.4 The Upflow Anaerobic Sludgeigiggket (UASB) - Concept
A"i _, —#J

J .
This upfigﬁﬁ:eactor has been developed by Lettinga ever
since 1971 (Lettingd_

ng the concept is that a high sludge concentration
.*“‘ i+ 204 8

éisen,SHobna, Zeeuw & Klapwijk, 1980b). The

basic idea under

can be maintained by tiﬁg‘lhe settler in the upper part of the

=4 | @

upflow reactor. Letti g','whb _P'improved a more effective settler,

and called it the Upf wVAﬁééroﬁj%'éludge Blanket (UASB) process. The

T N

e
basic operation of e UASE reactor is that the wastewater is fed

"

E—

into the reactor froqkb§10w an%ﬁ;ggyes it at the top settler for

separation ofkéés, sludge, and liquid. The,glndge particles are then
| - -‘J
L

settled back %éﬂards the digesting zone, thus ensuring adequate

sludge resident'fames and high anaerobic sfﬁdge concentrations in the

reactor.

We can say that the main components of the’UASB reactor are
the feed-inlét distribution “system &and ‘the setﬁl&r or Gas Solid
Separator (GSS)-device. The schematic diagram of UASB reactors is
shown in Fig. 2.10. One of the main feature of the UASB process is a
so-called granular sludge in the reactor. The anaerobic sludge can be
flocculated and formed into granules, which have excellent settling
properties, under proper physical and chemical conditions (Lettinga &

Vinken, 1980a). In contrast to other anaerobic high rate processes,
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FWeNng

gfﬂgzgle UASB plant (ZEVALKINK, 1982)
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the UASB is operated entirely as a concentration biological growth
and consequently uses no packing materials to support itself.
Mechanical mixing and/or sludge recirculation are kept at a minimum
(or even completely omitted) to improve the settleability of the

sludge.

a%ludge in the UASB reactor

can be formed in ; F with' juite consistent structure

referred to as anular type of methane
anaerobic sludg ic activity and excellent
settleability. erated stably at a high
volumetric COD lo he hydraulic retention time is
very short. Many s# ; : e obtained from various types
of UASB reactors, both .f hQ and pilot-plant scale, as well
as the full-g m-———-n—f?%%ftff——m-———-~ )¢ seen in part of the
literature dat:f ; érning the UASB process

‘m
- i
(item 3.4, Chapter 3)

ﬂ u Equm Ejew ﬁ:mﬂ‘ ’Jl]ljlng the granulation
process has not yet been cféar‘,lt igsstill one he main studies
A AR TR ST TR e o,
Zeeu#i Velzeboer & Lettinga (1983) and Weigant & Lettinga (1985),
etc. However, the granulation or pelletization process is not
restricted to methane anaerobic sludge. Pellet-formation can occur in
an upflow sludge bed (USB) reactor serving for denitrifying nitrified
final effluent mixed with settled domestic sewage. These pellets are

formed only at high surface loads (8 m/h) and contained up to 50%
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CaCOg, with pellet diameter up to 5 mm, but are rather unstable.
Including the granulations in the acidification of glucose, with
diameter of about 1 mm, undertaken by the residence times shorter

than 6 hours at a glucose concentration of 50 Kg/m3, are also

nfed conditions (quoted by Hulshoff

y "methanogenic" granulations

and have far more stable

reported to be unstable und-
Pol et al., 1983). C ‘
take place at hig
granules. These s : 2" =5 ﬁh\H‘lechanlsm of the formation
of methanogenicé™ grafit i  {‘ C ose of denitrifying and
acidifying bac . With referrence to
existing liters been obtained that the
methanogenic grs ably in the UASB reactor

for several years (Lettinga et al., 1980,

'ol,w oster & Wiegant (1984)
reported that the#different typegsof granulation sludge may develop

iR naﬁmtﬂg LB WELLEN s of cuvateate, anc

the condltlons applied durlﬂé the stantaup.

QWWMT]?QJ&IWYMEH@EJ

"Sarcina" granules developed when a high
concentration of acetic acid was maintained in the reactor, i.e.,

methanosarcina with diameter of approximately 0.5 mm.

"Rod" granules consisted predorminantly of rod-
shaped bacteria in fragments of approximately five cells. It
developed not only on the potato-processing waste and sugar-beet

wastes in full scale plants, but also on VFA substrate when the

192 bsHH



36

digested sewage had been enriched with a small amount of (crushed)
granular sludge of the "rod" type, i.e., methanothrix with diameter

of approximately 2 mm.

"Filamentous" granules mainly consisted of long

multicellular rod-shaped These granules developed on pure

VFA substrate and digest
e

specific methanod@HTE wae ivvtwaH‘l—COD/ngss—d), ie.,

Methanothrix soehng liameter of approximately 5 mm.

ludge of a relatively high

‘\:; e very uniform in shape
and size, conte sgse granules were up to 1 mm
long and less t ped on maize-starch waste

in a 900 m3 full sdaldlUASELA -

ate anaerobic reactor with low
strength wast;;._"___“.ﬂ_"v_m;____r”” sonctuded that a sarcina type
granule was le~-i a rather poor activity

at lower acetate concentratlons and consequently provided an

unsatisfacﬂxuﬁtaatw ﬂmﬁw:ﬁﬁ] mrocess was operated

at low slfifige loading rates. Another reason to prevent the
devﬁ%é‘]ﬁ W m ﬂ%ﬁ)’}%ﬁq ﬁﬂed smaller in
size g < 0.5 mm), so they easily washed out from the reactor. In
this case the rod type and the filamentous type were preferred in a
UASB process. And a filamentous type was referred to by Cail and
Barford (1985) that, although it was undesirable from the sludge
"bulking" aspect, under proper condition, this filamentous type could

form the granules and had a high methanogenic activity.
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Recently, an experimental result obtained by
cultivating granular sludge with glucose and brewery wastewater
revealed that most of the granules consist of Methanothrix,
Methanobacterium formicium, and Methanosarcina. And the biofilms of

such granules were also observed and referred to as methanogenic

bacterial protection against vourable impact such as shock

loading and low pH i wtl fiu' ', et al., 1985).
2.4,3

igh the granulation process
has not yet been nt, it can be summarized

by the beneficial ation as follows:
Sludge

discussed by Lettinga et al.

(1985) reveal¥ , { pes i gested sewage/ sludge as proper seed
—————— N ‘
materials: thicke 8 'DS/m3) and thinner types
ul

(< 40 KgDS/m3).- he th1cker types are preferred because of better

settleabsﬂtu &ucgoﬁlﬁW?w ﬁﬂﬂﬂj’ lower in specific

methanogelic activity (1‘9 terms of KgCHy - COD/KgVSS d), it is
rece&%ﬂ]ﬁtﬁﬂﬁ(ﬁﬂﬂ ﬂqq % Ei{]aﬂit‘lreactor start-
up. ARd they further described the "inert carrier material” that it
played an important role in sludge granulation. The rate of
granulation may be enhanced by supplying crushed inert granular
carrier material (hydro-anthracite or gravel) to the sludge. Similar
observations have been made by other researchers (referred to by

Lettinga et al., 1985).
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(b) Types of Wastewater

Several evidents indicated that granulation
can be made to occur by cultivating various types of wastewater,
viz., high, low, or medium strength wastewater, i.e., sugarbeet waste

(Pette & Vletter, 1980), pot:

ppprocessing waste (Pette & Versprille,
, slaughter house waste (Sayed,
te (Zeevalkink & Maaskant,

1984), and domesﬂll'w--’ s lgk;-. mtwell & Mosey, 1985), etc.

According to t btained in mesophilic UASB-

reactor start 985), they found that
granulation pr \:; h wastes. They described
that it related ffects, namely, the wash-
out of finely dis = heavier fraction would be
retained in the rea‘ ‘onsequence, they recommended
application o ‘ef "5'f“"u 3 ion.-when UASB-reactors must

b —,:"'
be started {37—""“‘""""“ {COD > approximately 5000

ng/1). U i
ﬂ b g’j ﬂ‘tm‘g"’wat?ﬂ Sncentration of inert

dispersed $glid in the wastewater was detr1nental for the development

* QR RINTO NI TN B =

newlyd formed bacterial matter to the continuously supplied "fresh"

surfaces would retard or even stop the development of granules

(Lettinga et al., 1985).

(c) Physical and Chemical Condition

-Temperature : has a major effect on the

bacterial growth rate and activity; the mesophilic temperature (35° -



40°C) is regarded as the optimum condition, based on the activity and

economy as well as on the operation aspects (Lettinga et al., 1979).

-pH and Alkalinity : pH should be maintained

between 6.5-7.8; however within the pH range of 6.3-8.0, no

difference could be obg
(Pette et al., 1980).wIt is SEIE v
influence to keep Tt *si'@el. The experiment with
brewery wastewate €] : _ » -‘1.‘ al. (1985) has shown that
feeding solution was

alkalinity of 8

sufficient for gr

is well-known fact that

divalent cations sct on the flocculation of

F o

anaerobic sludge. Severali &3 concerned are reported that the

wash-out of sludge diiring tie phase of start-up can be

reduced by ,:.9"_,;_,_,,_,_;_:”_ 3 ‘,f the feed solution. It

i

is presumable Eat sme stag act as a carrier for

bacterial attachm‘rh(l{ulshoff Pol et al., 1983). Nevertheless, a
serious eﬁluﬂqm Hmﬁm&lﬂ(ﬁ'@oncentration in a
wastewaterqil)ecause a consiﬂerable fraction of thefactive bio-mass
pres@tﬁ%ﬂ%eimeubm :i]e,lmezjr’e] ﬁ,(%Jscal ing at the
outerqborders of the granule. Another problem is the increase in the
specific density of the granule; as a result, not only high siudge
concentration gradually 'develops in the lower part of the reactor but
also it becomes impossible to make contact between the wastewater and
the sludge sufficiently (Lettil:nga et al,, 1985). It is not yet

possible to provide more exact figures concerning the effect of ca2t
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concentration; however experiments with very low and high
concentrations will be carried out in the near future (Cail and

Barford, 1985).
-Effect of NHZ : A compound of ammonia is
effect because it can be occurred in
w se effect of ammonia is found
when NHz—concentrat ons e ag h “1000 mg/l. Cail and Barford

(1985) reported( ation o) ‘ I

are inhibitory

often considered as an import

various types of wast

greater than 1000 mg/1l
Pol et al. (1983) found

that there was gh NHj concentration.

oxic Conpound : These
substances, includi TRICHE v ' o¥a ide, etc., should be absent
in the feeding, if 11y during the initial stage of

granulation, because they t: 3_ ' e bacterial population in the

-
Al " |

0
ﬂ u Ei"j w*ﬂﬁwmnu?m nutrients, i.e.,

N, P and 8) must be present in sufficient concentrations and in

avaialw ﬁﬂ @ﬂﬁf&ﬁ%ﬁ w Ej ﬂ'] auxﬁhe cultivation

of gr@nular sludge is the same as in general anaerobic processes. As

an application for S, the experimental results obtained in batch fed
experiment with VFA-feeds reveal the positive effect on growth of
methanogenic bacteria upon addition of 0.1 mM/1 §2- (Lettinga et al.,
1985). This includes trace elements which also have significant
effect on the growth of bacteria. It should be supplemented to the

system, especially to the one treating wastes which often do not have
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enough of these elements. Addition of trace elements such as Ni, Co,
Mo, and ZnSO4 into the digester results in positive effects (Lettinga

et al., 1985).

(e) Operational factors

'%merobic process was known as a

‘t & the present time, this
F e—

very slow start-

2

disadvantageous ' s |todis :u-. because of technological

advances and th the experiments concerned. Although

NN

the mechanism o start-up is still unclear,

many reports sh the UASB reactor. Based on the

available experi onclude that frequently the

granular sludge conditions for growth (as

s s 2

: \
described above) and “tHe- oper al factors are proper. These

e o+ 4
‘J-,FJJ,

operations are_especialty thes r selection mechanisms between
heavier and ;‘:— T s, The "F significant operation
factors are statE organie g and ig% hydraulic loading rate;

namely, during sux@g,loads, undenploading may lead to development of

votuminoudPIes) VB W QN L) T Fisner sos production

Y
which hampers the settlemedt of sludges in the setiler (Hulshoff Pol

et a:w&aa& n‘ilmlungglu m:axﬂe, the lighter
sludgz will move upward easily whereas the heavier sludge will move
downward. Thereby, the bacteria in the granules at the bottom of the
reactor obtain the influence food first; so they grow quickly
(Lettinga et al., 1985), while bulking floc sludges are discharged

from the reactor much more easily.
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Wu et al. (1985) recommended that the
hydraulic loading rate at 0.25-0.4 m3/m2—h was high enough for
granulation. Excellent results had been obtained in a 1400 m3 full
scale UASB plant treating wastewater of the Bavaria Brewery in

Lieshout. Wastewater consisting of fractions of discharges from a

malting plant, the brewe, 1 'ift drink plant was fairly dilute

5. 8/1) and “‘ji' temperature (15° - 23°C). It
was reported that : e srtmconplished within one week

\ 1 \ nes for the first start-
up of UASB reaé ge sludge are suggested by

Lettinga et al.

14 6
2 . J e KgC@KgVSS Ny d

3. The space (@ should not@ibe increased unless all VFA’s

b hdl] B UL e strensn vt

Volummous sludge should be al@ewed to wash®dut, the heavy

0 | el ANNAAUINIATNEIRY

2:4.4 Characteristi attern of Granulatio

According to the forms of the sludge in the
reactors and COD loading rates achieved, the granulation processes
can be divided into three or more stages. The experimental results of

brewery wastewater are shown in Fig. 2.11 (Wu et al., 1985).
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Fig.2.12 Development of the sludge-concentration and
organic space loading rate during the

granulation-process in reactor
Zeeuw and Lettinga 1983).
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Stage 1 - The stage of start-up

This period begins with the addition
of seed sludge and ended with the volumetric organic loading rate up
to 5 Kg/n3-d. In this stage the sludge bed will markedly expand of a

result the initiation of gas prc

of the granules

hif“period, granular sludge
begins to appea ' ing s j-i is wash-out or lost.
Finally, the am . 7 7 s concentrated in the
lower part of t ASB-system promotes a
selection between ¢ch that heavier particles
are retained. Grow : ‘y;ri‘_z; : at these particles, which
ultimately result ; distinct granules with
diameters up to
anules

|
J
gbhis period, granules formed very

fast, the ﬂdu ﬂ’;%’lﬂdﬂ‘éﬂ&l’]ﬂ‘ém volustbric CuD

loading rate is increased tof'16 Kg/n -dy, or higher.gThe concentrated

sranable ol b Gl d Viucko bR Eh] Bl o sorica o

stagnation (Stage III), the organic loading rate can be further
increased to its maximum value, which may be as high as 30 KgCOD/m3—d

at 30°C.
Stage IV - Steadiness after granulation

Ino this. period; the sludge



settleability has improved steadily, the wash-out will hardly occur.

Hulshoff Pol et al. (1983) operated a granulation
process experiment. In almost all experiments, a very similar

characteristic pattern was observed concerning the behavior of the

expands as a resul ; Yk LA » ~\,he gas production and of

system with respect to th ludge retention (or wash-out) as

illustrated in Fig. 2.12

the increasing s

will cause a detey ibd of the sl ua\\\ leability.

particles are retained.
Growth will incredSiggly . CO1 J'» ated at these particles which
on of distinct granules with

diameters up te.b 1 or. dark brown.

S

T ed granular growth now
exceeds the sludﬁ! wash-out. After a per1o- of stagnation the organic

loading rﬂ ng tglﬂevw?wgﬂrﬂ?nm value

which may Y& as high as 50 §gCOD/m -d at 30°C.

AT U BN B s o

granulatlon by Wu et al. (1985) are listed in Table 2.6.

2:4.5 Design Criteria

1. Feed Inlet Distribution System

Many relevant results indicate that only one

2

feed inlet nozzle per every 5-10 m“ is sufficient for the UASB
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reactor applied with low-strength wastewater (1-2 KgCOD/ms-d) under
moderate climatic conditions (referred to by Lettinga, 1984). But in
the case of achieving higher loading rate or treating cold and/or

dilute wastewater, it often poses risk to channelling in the sludge

bed. This is due to that : ge exerts a high settleability 2)

gas production is no ni ] ougk ixing or even 3) height of

Characteristics at ? ;' stage ;{', ation (Wu et al., 1985)

Stage 11 1R

Form of sludge ';?fflu_#:ﬁ flocculent granular

Interface betwefy&' lear clear

blanket and bed E

sswbmkmﬂ'mwﬁwmm
S‘"“g%rm AT T g

D1scharge of sludge not needed needed not needed

from blanket

COD loading rate 0.3 0.3 - 0.6 0.6

(Kg/KgVss-d)

Protozoa a lot a few few




sludge bed is too low. These problems can be solved by applying more
sophisticated feed-inlet distributors. And some rough guidelines for
required number of nozzles are present in Table 2.7 by Lettinga et

al. (1984) as follows :

Type of sludgé R \ (mz) per nozzle

1. Dense flocculntfs ..._ "“'"‘ \\\

(exceeding 40 KgD “‘\ oads less than 1-2 Kg

2. Thin flocculant glud; ,, : Ei " at loads exceeding
(less than 40 KgDS/mey - pproximately 3 KgCOD/ns—d

3. Thick granular

loads of approximatelyl-2

™ |
A —— == .

N ' Fl

e

ly ]

2. The Ga.s Sollds e ara ors (GSS

AU 8 INLNIHY DT e i

of anaerob1c is ver ngfef (me tﬂ]an&'enlc) bacteria.

ARSI A

amount existing. To prevent this matter, the settler must be mounted
in the upper part of the reactor. The settler, or a so-called Gas-
Solid Separator (GSS) device, actually has several functions, unlike

its name, as follows:- (Lettinga et al., 1984)

1. Separation of the biogas from the mixed

liquor and from floating sludge particles.



2 Separation of dispersed sludge particles
or flocs by settling, flocculation and/or entrapment in a sludge

blanket (if) present in a settler compartment.

3. Enabling the separated sludge to slide

back (e.g., as large aggr r,)
Res xcessive expansion of the

sludge blanket. / \

: ' ‘\\ diagram (in Fig. 2.13) by

the digestive compartment.

\- ~the settler or GSS-device
is shown in a c
Van der Meer and see that the influent, or
entering streanm, recirculation stream are
separated from oﬁ eparation of the gas, the

suspension of solid matt

I * id enters a compartment where
= _-f - e !: L

dissolved :_;, ------------ ased by expan: iion/can escape, and where
. \‘

turbulence originatin aia be damped. Finally, the

|

ed from the effluent in the settling compartment

where 1amﬂaugjmﬂ nnﬁﬂﬁ wmﬂ? the lower part) a

sludge blanket is formed. F.;om this compartment the thickened sludge

°”’¢W‘Tﬁ‘@ﬂ‘iﬁé°3m7'3ﬂ&l’m d

So far stringent design criteria for a more

sludge is separa

sophisticated GSS-device is not yet provided; however, Lettinga has
suggested a number of guidelines collected from his experimental
experiences for designing this device as follows: (Lettinga et al.,

1980, 1983 a,b).
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GAS| EFFLUENT FoA'M

@

e of the cross section

ats and the full-

this figure,
and sludge are shown.
At thi r:Lgh 3 ated the rresence and
® dlstr:l.butlon of sludge (s), gas (G), and liquid (L)

In thé compartments in’ and below the settler.

AHBIRETINEINT
ARIAINTAUNRINGIN Y.
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a) The inclined wall of the settler should be

at one-angle of approximately 50°.

b) The surface load of the settler should be
kept below about 0.7 m/hr, and the average flow through the aperture

between the gas collectors bel

bout 2 m/hr.

settling sludge sho : ‘giate measures.

a of the liquid-gas
interface in the*ga " too small (because it
might lead to s ge present in this gas

collector should

. the settler compartment

should not be lower than e ——— der to keep blanket well below

pderato deﬂléﬂfjiﬂ ﬂ‘%{WH'ﬂrm reactors built so

at loadlng rate of 5 18 KgCOD/m —d. Despite that,
the WWTWMW ﬁm%ﬂgjﬂ"ﬁﬁpphed from
several) evidences, both large pilot-scale and small scale as well as
bench scale UASB experiments. For example, the experimental results
by Hulshoff Pol et al. and Lettinga et al. indicated that the loading
rate up to 40-60 KgCOD/m3—d at 30°C could be achieved, for mainly
soluble wastes. The experiment by Wiegant and de Man 1986 was
reported that under thermophilic condition even loading up to 162

KgCOD/m3—d could be accommodated, etc. Lettinga et al. (1985).
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referred to the main reason for this conservative design criteria of
loading rate as the lack of full-scale experience of UASB operating

reactor.

4, Hydraulic Retention Time

of the literature des B process (item 3.4, Chapter

3), very short hyd (3-8 hrs) could be applied
with low and medj wager (1-3 Kg/m3 of soluble
COD). With more 50 Kg/m3 of soluable
COD) hydraulic ately 1 day have to be
applied. In both reduction of 80-98% of a

soluble COD could

u——fu--—w:{,ental results observed

from various applied with variety of

!

wastewater 1ndlc te that the temperature has a crucial effect on the

system. ﬂ u E}(Jzﬂ E’ﬁ iﬂtmﬂ ?OD reduction > 90%)

is obtained! from the systeg operated under lesoph111c temperature.
“ QI BN FUHATIRHQ R0 1o
Be applied. Notwithstanding, Lettinga et al. (1979b) found the
reverse effect, under the mesophilic condition, that a temperature
exceeding 45°C was detrimental particulary if the temperature "shock"
lasts longer than one day.
Lettinga et al. (1982) provided guidelines for
designing the capacity of UASB reactors treating mainly soluble

wastes related to temperature in Table 2.8.
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Table 2.8

Tentative rough design-capacities for UASB-reactors in relation to

the temperature (Lettinga et al., 1983).

Temperature

(°c)

Design-cagacity
(KgCOD/m*-d)

40 - 25
30 W =15
20 5 -10
15 2~ 58
10 !

Sludge Bed Height

meount of granular sludge
\Z |
in UASB reacto 'k- 1f|- of a limited number of

relevant experl-ental data concerned, espec1a11y the sludge bed

height. Hﬁﬁﬂ?ﬂﬁﬂ?ﬂﬁﬂﬂﬁs matter is closely

connected the loading potentlal applled, namely, the more amount
of ﬂlwm@mw&%%ﬂﬁq aeﬂoadlng of the
systefl. For example, the experiment carried out in a 6 m pilot plant
in which a dense-mainly granular sludge bed occuppied the lower 1-2 m
of the reactor (with a more flocculant sludge blanket above it) has
shown that space loads up to 45 KgCOD/ms-d with potato processing
waste and 30 KgCOD/m3-d with sugar beet waste can be well

accommodated (Lettinga et al., 1982).
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The basic design criteria for reactors of 30

n3 and 800 m3, treating liquid sugar wastes and beet sugar wastes

respectively, are given in Table 2.9.

Table 2.9

800-m3
Plant

Tank configuratic
Building materis
Height (m)
Bottom surface (
Depth of digestingZzon
Depth of settling zoﬁe

Type of wastewater [
Organic loading-4KgCOD/d) 4

Influent concent t1on
(mgCOD/1) ¢ o

e ‘lﬂﬁ"‘*}ﬂﬁmﬁw 8"1 1)

Average hyd®hulic flow

)

~QRTRIN I SJWTJIWEI'WEI

Hydraﬂﬂlc Se§ r Surface load
-h)

Gas production (n3/m2—h) 157

Rectangular
Concrete
4.5
178
3.3
1.2

Beet sugar
13,000

16.25
3,000
88

180

[~

40

1.5

1.2
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