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.. ABSTRACT ‘

Alum and ferric chloride are commdnlyJemployed to aid
phosphorus removal in wastewater treatment. Previous studies
have indicated the use of these chemical coagulants produce
sludges that adversély affect anaerobic‘digestion; The
_oojectiVe of this research was to assess the magnitude of
effects chemical coagulénts have upon anaerobic digestion‘by
monitog@ng methane production and measuring concentrations
of aluminum or iron present during batch‘digesti&h of
chemically precipitated sludge.

Aluﬁ addition to wastewater produced sludge that
demonstrated reduced methane production when batch digested
anaefobically. The magnitude of the adverse effects 6n
methane production increased with ihéreasing aluminum
concénﬁrations up td 144 mg/L. The type or nature of
chemical floc that forms during the achal coagulatioﬁ'
procéés may play-an important role in fhfluenqing the
magnitude of the adverse effects during digestion._ The
’nature of the chemical effect appeared to limit the exfept
or degree to which the’anaerobictﬁicréorgénisms were able to”
metabolize the organic wastes .and aﬁpeared to occufvwith the
non-methanogenic épecies. | |

Ferric chloride addition to wastewater produced sludge
that, when batch digested anaerobically, demonstratedif
reduced methane production, however the magnitudé;og the
adverse effects did not increase with increaéingjirbn

concentrations up to 770 mg/L. The nature of the chemical

iv



effect appeared to occur with the non-methanogenic species.
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1. INTRODUCTION
The use‘of chemiéal coagulants such as alum or ferric
chloride in'waséewater treatment can be a practical method
for improving suspended solids and/or phosphorus rémoval.

Chemical phosphorus removal is employed at Calgary, Alberta

. to reduce phosphorus input from wastewater discharges into

the Bow River. Although effective phosphorus removal can be
achieved, the existing biological treatment plant can |
experience considerable changes in overall process
performance. The effect of phorphorus removal chemicals upon

anaerobic sludge digestion is of particular interesf_in this

,

- respect.

When chemically precipitéted sludges are fed to
anaerobic digesters, reduced digestion performance can occur
due to an increésed»st:ess associated witlr higher organic
loadings or lower feed sludge pH (Emig,;j§39; Shannon et
al:, 1974). Studies by Gossett et al. .(1979), on the other
hand , have indicated chemical coagulation of domestic
wastewater affects digestibility of the resulting sludges.
Réduced digestion performance has been demonstrated by
decreased total gas production, metl@ne production, and -
volatile solids destruction. It was proposed these effects

are apparently attributed to a mechanism that renders

’volatile solids less accessible and/or less reactive to’

extracellular enzymes of the acid forming bacteria during

the digestion process.



/

The literature has demonstrated the adverse effects of‘
alum and ferric chloride upon anaerobic digestion. Howe&gr,
there exf§ls a lack of .information in these studies on
chemical coagulant concentrations present dufing digéstion
which produce the adverse effects.” '

The objegtive of this research was‘to assess the
magnitude.of<szects chemical coagulants have upon aqgerobic
digestion P monitoring methane production and measuring
concéntrations of aluminum or iron present during. batch f
digestion of chem{cally precipitated sludge. More
specifically: '

1. to determine if a chemical coagulant dose methane
'reSponée relationship exists in order to establish
threshold values for any adverse effects whiéh may
be caused by élum or ferric chloride; and

2. to determine any relationship between.fhe‘\
experimental results andldigester performancé\at_a

full scale plant where chemical coagulant addition

is practiced for phosphorus removal.

i t (

—_—
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- 2. BASIC CONSIDERATIONS FOR PHOSPHORUS REMOVAL’

The primary sources of pﬁbsphorus in domestic
wastéwatér are a result of man's aétivities in the hbme
(EPA,1976). Human wastes and waste food;disposal can account
for 30 tg 50 percent of the phosphorus loading. Phosphate
builders:bsed in detergents can account for the remaining
50 to 70 peréent. Other 'sources can originate from
phosphorus compounds used as corrosion .and scale control
chemicals in water supplies and‘éndus{rial wastewater
discharges (e.g. potato processing plants). These sources
can account for 2 to 20 percent of totai phosphorus present
in wastewater. ‘ 'f

Phosphorus, when present in excess, can create
pollution problems in receiving streams by causing excess
growth of algae and rooted aquatic plants. Subseguent
problems that may arise in receiving streams include
(WPCF, 1977): )

1. dissolved oxygén levels can be reduced;.

2. growth of game fish may be discouraged;
3. odor problems can occur; and
4. recreational use may become undesirable.

Raw wastewaters typically contain 3 td 15 mg/L of
phosphorus (as P)(Metcalf and Eddy, 1979). Influent
phosphorus levels of 3 to 5 mg}L (as P) in raw wastewater
are successfully reduced to 0.5 mg/L (as P) in the plant
effiuent by alum addition at the City of Calgary Bonnybrook

Wastewater Treatment Plant (WWTP)(Interview dated 1983



L

~

November 23 with Bob Mackintosh, Bonnibrobk WWTP, Calgary
- " = . ’\

\ .

Alberta). | o



3. PHOSPHORUS REMOVAL CHEMICALS IN ANAEROBIC SLUDGE

DIGESTION

3.1 Chemistry of Phosphorus Removal
Phosphorus is found in three priecibal forms:

1. orthophosphates (soluble inorganics);

2. ,pdlyphogphates (spluble inorganics); and

3. organic phosphorus compounds. A
All polyphosphates gradually hfdrolyze.in aQueous solution
énd revert to orthophosphates (the form ffom which they Qere
‘derived) (Sawyer and McCarty,- 1980). Prolonged contact wiﬁh
micrdorganismé in ‘raw wastewater and secoﬁdéry biological
treaiment_ensures this reversi@n (Snoeyink‘and
Jenkins, 1980). Organic compéunds decompose and their
phosphorus content is converted to 6rthophosphates during -
biologiéal treatment. Some inorganic phosphates are utilized
in the formation of biological>floc, however the inorganic
' phosphorus content in wastewater is in excess of nutrient
requirements for aerobic biological.treatment (Metcalf and
Eddy, 1979). A well treated secondary effluent contains a
large fraction of the phosphorus present as orthophosphates.
This is fortunate since orthophosphates are the easiest f%rm

to precipitate by chemical treatment.

3.1.1 Aluminum Phosphate Precipitation
Aluminum ions can combing with orthophosphate ions to
form aluminum phosphate as follows (Metcalf and Eddy, 1979):

1

/ 5



Al’* + H,PO}-" « AlPO,+ + nH"'.
- The most common source of aluminum ‘for use in phospho;hs
precipitation is alum:
Al;(SO4) 3+ 18H,0 + 2P0}~ & 2A1PO,+ + 3S0:i- + 18H,0.
The solubility of aluminum phosphate is a function of pH
(Table 3.1). Opgimum‘pH for phosphorus removal lies in the
range of 5.5 to 6.5. |
Alum will react with alkalinity present in wastewater
(WPCF, 1977):
Al;(SO,) 5+ 18H,0 + 6HCO; @ 2AL(OH)s+ + 3S03- + 6CD,+
| + 18 H,O0.
This hydroleing reaction competes with the foregoing
phosphate reactionvfor available alum. For this reason,'
laboratory jar tests best determine the chemical dosages
required to achieve acceptabie phospho;Ls removal. Snoeyink
and Jenkins (1980) note that the aluminum hydroxide
precipitate is important because it aids in the
sedimentation of the aluminum phosphate précipitaté. Two
mechanisms by which this is possible are (Snoeyink and
Jenkins, 1980; WPCF, 1977): |
1. the well flocculating aluminum hydroxide precipitate
sweeps out the colloidal, rather difficult to |
settle, aluminum phosphate precipitate; and
2. phosphate adsorption onto‘or‘ihcorporation into the
aluminum hydroxide precipitaté can occur.
Addition of alum will lower the pH of wastewater

i

because of neutralization of alkalinity and release of



Table 3.1 Solubility of Aluminum Phosphate Versus pH
(After WPCF 1977)

: Approximate
pH Solubility

(mg/L)
0.03
0.01
0.30



\

carbon dioxide. In cases where the natural alkalinity of
wastewater is inadequate for the alum dosage, pH reduction
may be so great that addition of an alkaline substance is

required (EPA, 1976).

3.1.2 Iron Phosphate Précipitation
Ferric ions can combine with orthophosphate ions. to

form ferfic phosphate as follows (Metcalf and Eddy, 1979):
Fe* + H PO}~ " FéPO.¢ + nH*,

Ferric chloride is commonly used to precipita£e=ph0§phofus:
FeCl; + PO]- & FePO,+ + 3Cl-.

The optimun pH range'for iron precipitation of‘phOSphorus is

4.5 to 5.0 (EPA, 1976). ; \

;
' Ferric chloride also reacts with alkalinity presenf in

wastewater (WPCF, 1977): - - | /\

2FeCl,; + GHCOQ # 2Fe(OH) ;¢ + 6Cl- + 6CO,*.

As in the case with alum, the hydrolyzing reaction competgs

with the phosphate reaétion-for ayailable ferric chloridﬁ.

The ferric hydroxide percipitate aids removal of the ferr%c

phosphate precibitate (WPCF, 1977). Alkalinity adjustments

to wastewater containing low natural alkalinity, discussed’

‘previously,»apply for iron phosphate precipitation.

- 3.2 Anaerobic Digestion Theory
Anaerobic digestion is the biological degradation of
complex organic substances in the absence of oxygen

(EPA, 1979). During the process, much of the organic matter



is converted ?o methane, carbon dioxide, and water;.since
the process does not proceed completely to end products'of
carbon dioxioe and water (lowest energy compounds in
biological degradation), there is energy retained as
methane. The remaining solids are rendered stable asvlittle
carbon and energy remain available to sustain further-
biological activity. Approximately 70% of total gas

.production is in the form of methane.

3.2.1 Anaerobic Digestion Process

Anaerobic degredation of complgk organfc substances is.
acoomplished»by the combined and coordineted metabolic
‘activity of digester bacteria. Figure 3.1 summarizes the
four groups of bacteria essential to the digestion process.

The consortium of bacteria consist of (ﬁosey, 1982;
Gaudy and Gaudyg 1980): |

1. Acid Formlng Bacterla (these hydrolytic bacteria

_ ferment complex organics to produce organic
ac1ds and neutral compounds) L '
; :

2. Acetogenlc Bacterla (thls group of bicterla
ferments long chain organic ac1ds, otherrthan
acetic.acid,'to’end products of acetic acid and
neutral compounds) ;

3. Acetate'Methahogenic Bacteria (these bacteria
utilize acetic ac1d to account for a’}rox1mately
75 percent of the methane formed in Egudge A
‘digestion); and ' o «

h 4
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' COMPLEX ORGANIC SUBSTANCES
(carbohydrates, proteins, lipids, etc)

—| ACID EORMING BACTERIA

I
‘ACETIC ACID HYDROGEN |+ N
: - ‘ CARBON DIOXIDE ’
LONG CHAIN ¥
ORGANIC ACIDS - ,:::; :

(butyric, propionic acig, etc)

v :
‘ . -
* L_ ACETOGENIC BACTERIA |—¥
v | ' v
HYDROGEN
ACETATE METHANOGENIC ‘OTILIZING METHANOGENIC
~ BACTERIA BACTERIA
METHANE- + CARBON DIOXIDE © METHANE + wu-%
A

4
&

Figure 3.1 . Microbiology of Anaeroblc Digestion
(Adapted from Mosey, 1982)/ '



‘17

4. Hydrogen Utilizing Methanogenic Bacteria (these
bacteria convert hydrogen and carbon dioxide to
contribute the remaining 25 percent methane

production).

'3.2.2 Environmental Requirements

;Grow;h rates for‘acetate methanogens are relatively
slow (minimum doubiingltimes of 2 to 3.days at 35 °C) and
that of the acid formera is potentially fast (minimum
doubling times of 2 to 3 hours at 35 °C) under optimum
éondi ians. Suitable environmental conditiohs are, .
the isre, important to ensure successful oberation of this

complex microbiological system.

3.2.2.1 pH and Alkalinity

Close pH control‘is necessary as mathanogenic
bacteria exhibit sensitivity to pH changes‘outside the
range of 6.5 to 7.5 (EPA, 1979), Within this range the
carbon d1ox1de bicarbonate alkallnlty system governs tre
PH. Gossett et al. (1978) indicated that alkallnlty in
domestlc digested sludge ?g;ults mainly from ammonia,
released by degradatlon of - organlc nitrogen materlals
“(proteln and urea). Ammon1a 1n the presence of carbon
d10x1de and water will form ammonium b1carbonate~.

NH3Q+ COz # HCO3; + NH;. a

B1carbdnate alkalinity will be destroyed as organic
~acids accumulate in the system (Sawyer and |

-
4

McCarty, 1989):
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5 R-COOH + HCO3; & R-COO~ + CO; + H,0.
The alkalinity acts in a buffering capacity to lessen
changes in pH. Figure 3.2 indicates the limits of normal

anaerobic treatment for an operating temperature of

35 °C. Bicarpoffate alkalinity in the range of 2,500 to

5,000 mg/L (as CaCO;).is desirable to provige»adequate
buffering capacity so that large increases in organic

acids can be tolerated with minimal pH change..

IS L v

e =TT

73.2.2.2 Temperature and Solids Retention Time

JAnaerobic digestion can take‘place at any
températuré between 5 to 55 °C. The rate of total gas
production increases with‘tempe:atdre (Meynell, 1982),
however digesters seldom operate at the upper range
because of ;ncreased energy requzrements to maintain the
hlgher temperature. Adgquate solids retenttion time is
réquired to give'accéﬁtable degradation of:brganic

matf\r/—\btlsfactory gas productlon and sufficient

reduction of pathogens. Table 3.2 shows mlnlmum and

7

design solids retention ¥1mes for E%r
i

temperatures for high rate digestion)
~ . 'f' .
inditated an optimum temperature range of

provides the best conditions for bacterial gxowth and

of operatlng

211 (1982)

methane production. : - ‘- f

Q@

3.2.2.3 Toxichaterials
For a material to be biologically toxic it must be

in solution. Table 3.3 lists stiﬁulatory and inhibitory
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Q
A

Table 3.2 Solids Retention Times For Complete-Mix Digeste.s
- (After WPCF, 1977)

i

~

Solids Retention Time (Days)

Operating : : Suggested
T?2§grature Minimum 3 For Design
10 - 55 \'
20 28 .0
25 20 . 30
o 14 25
35 . 7 20 i
0 . ' 10 20 )
45 - . 15 R

\



IN DIGESTER .GAS, %

CO;

14

<2 _OPERATING
TEMPERATURE
35 °C

LIMITS OF

_ NORMAL
% ANAEROBIC
TREATMENT

250  50Q_ 1000 2500 - 5000 10,000 25,000

BICARBONATE ALKALINITY (mg/L as CaCoO,)

' Figure 3.2 Relationship Between pH and Bicarbonate

Alkalinity (After McCarty, 1964a)
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concentrations of potentially toxic materials.

Ammonia may be bresent in either the form of
ammoniuﬁ ion or as a Qissol§ed gas depending upon the pH
and temperatu?e:

” NHi < NH,;(g) + H-*.
High pH and temperature favofsbtﬁe dissolved ammonia gas

form. Ammonia gas has toxic effects at a much lower

concentration.

Heavy metal toxicity and toxic organics have been
blamed fof digester failure, hoﬁever, they are seldom
prgigﬁzf;;\significant concentrations in domestic waste
sludges unless large quahtities of industrial wastes are

discharged to the sewer system.

3.2.2.4 Nutrient Requirements’

Domestic waste sludges are typisilly not deficient
) o
in nitrogen and phosphorus, however trace hutrient

requirements for anaerobic metabolism are not well

defined.

Nitrogen requirements for anaerobic digestion are a

small fraction of that required by aerobic processes.

This is because of lower biomass production in the

anaerobic process. Phosphorus requirements are
approximately 15% of the nitrogen requirements
(Speece, 1983).

Speece (1983) indicates four elements: iron;

cobalt; nickel; and sulphide have been shown to be

necessary nutrients for acetate methanogens to convert
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Table 3.3 Stimulatory and Inhibitory Concentrations of Toxic
Materials ‘in Anaerobic Digestion
(Adapted from McCarty, 1964b)

Material étimulatory _ Moderate Strong
: Inhibition Inhibition
Na (mg/L) 100-200 3,500-5,500 8,000
K (mg/L) 200--00 - 2,500-4,500 12,000
ca (mg/L) * 100-200 . 2,500-4,500 8,000
Mg (mg/L) 75-150 "1,000-1,500 3,000
NH;-N (mg/L)  50-200 - 1,500-3,000"
Soluble S:-  0.1-10 100 200
(mg/L) . '

' Inhibitory at high pH values.
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acetate to methane. However, an availability problem of
these trace nutrients can potentiaily occur. Sulphidé
compounds of iron, cobalt, and nickel exhibit low
solubility. These compounds can precipitate‘out and

become unavailable for use by acetate methanogens.
3.3 Anaerobic Digestion of Chemically Coagulated Sludges

3.3.1 flant Scale Studies

Information in the literature concerning plant scale
studies of anaerobic digestibility of chemical sludges have‘
centered on detection of gross inhibition of the digestion
process associated.with changes in the overall plant
‘operating performance._N;—
.Sgannon et al. (1974) conducted plant scale s&uaieS‘to
assess th potential effects of alum coagulated primary
wastewater sludge on anaerobic digestion. Aium:addition
increased the amount of sludgé requiring digéstion.
Conditions of increased volatile organic acids and decreased
alkalinity and pH were observed in the digester soon after
initiation of the alum addition to the primary wastewater.
Cessation of gas,production and failure eventually occurred.
Shannon et él. attributed failure to a two-fold increase in
volatile solids loading to the digester. Redpced alkalinity
in the incoming chemical sludge was also observed.

Emig (1979) monitored diqgster performance during alum:

addition to degritted raw wastewater at Fort Sheridon,

i..
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"Illinois. The digester system exhibited significantly
decreased total gas production after 30 days of continuous
alum addition. Symptoms of volatile acids accumulation
occurred. Failureloccurred 45 days after the initial
operation began. Subsequent jar tests on the incoming
chemically precipitated sludge sho@ed reduced alkalinity and
depressed pH. Emig felt low pH of the incoming sludge
contributed to system failuré.ﬂlnhibitidn of the digester's
methanogenic bacteria was the probable cause. Information
with respect to changes in vo;atile solids loading to the
digester system from alum addition was lacking.

Hall (1980) reviewed digester performance of several
water pollution control plants practicing chemical coagulant:
addition in Ontario. Plants employing alum addition{
exhibited symptoms described previously. Plénts employing.
addition of iron salts showed no deleterious effects on
digestion performance. Hall attributed this to the low
Ehemical dosages of iron salts (8 to 20 mg/L as Fe) to_fhe
wastewaters,

The probleﬁs encountered during these plant scale
studies can be‘attributed to inadequacies within existing
plant operations to adjust‘to changes in the overall process
due té chemical addition. Shannon et al. (1974) degonstrated'
.reduced anaerobic digestion perfotrmance occurred from a
higher volatile solids loading. Chemical coagulants aid in
removal of colloidal material and, when added to the .

settleable fractioen of volatile solids, increase sludge mass
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and volume to be handled;

Emig (1979) showed sludge pH can change due to alum
precipitation. Alum precipitation is most effective at a pH
between 5.5 and 6.5. Continuous feed of a chemical sludge at:
a pH of 5.5 to 6.6 into an operating digester can have
inhibitory effects on the methanogenic bacteria.

Stability of the phosphorus precipithtévmay also be
affected by pH (Hall, 1980). Resolubiiization of phosphorus
during sludge digestion maywoccur: If the phosphorus c&ntent
of a chemical sludge is sufficiently high a small fraction
of phosphorus may be released and become a soluble nutrient
in the digester supernatant. Sipce fhe supernatant is
generally returned to the head of a treatment plant,

phosphorus can :accumulate in the process demanding large

quantities of additional chemicals.

"3.3.2 Laboratory Studies
| Laboratory studies have indicgted chemical coagulation

of domestic wastewater affgcts diéestibility of the
resulting sludges. These studies did not ,experience the
problems encountered at plant scale studies/prgviously_
discussed. Changes in volatile solids-loadipg, pH, and
alkalinify in the feed sludge resulting from chemical
‘addition were compensated for in many of the lab scale
studigs. | ~

Grigoropoulus et al. (1971) reported lab scale

digesters fed alum coagulated waste activated sludge showed
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sihilar gas production and volatile acids concentration to
the control digester during semi-continuous operation. An
increase‘in volatile solids loading to the digesters
receiving alum precipitated sludge was observed. Howeber,
because the digesters reéeiviné higher volatile solids
loédings did not gxpegience any increéSﬁs in gas production,

|
the results suggest a reduction in performanse must have

’ . ~

occurred for these digesters. Orgahic loading'rates‘used‘in
‘the study were generally lower than EPA (1979) recommended
design v;iues for standard rate digestion (0.64 to 1.60 Kg
VSS/day/m’). Therefore, it is reasonable.to assume decreased
digestion performance was not attributed to excesses in
volatile solids loading for the digesters receiving alum>
coagulated sludge.

Malhotra et al. (1971) studied lab scale digestion.
performance on sludge derived from coagulation of wastewater
with steel pickling iiquor containing iron. Results weré
compared to that of gravity settled sludge from the samel
wastewater for semi-continuous operation. They fouﬁd that
the iron précipitated sludge did not significantly affect
performance indicated by: |

volume gas of produced/mass of VS destroyed and

% VS desﬁruction.

Gossett et al. (1979) indicates a more appropriate parameter
to asseés digestion performance for this study would bef
| volume of methane produced/mass of VS fed.

Using the data presented by Malhotra et al., Gossett et al.



21

4

calculated a 60 to 69% decrease in performance for the irén
precipitated sludge based on:
volume of methane produced/mass of VS fed.:

Rindt.({§;§? and Reed (1975) investigated the effects
of alum coagulation on digestion performance. Alum
precipitfted sludge from water treatment and wastewater
treatment plant operations were fed to semi-continuously
ope:éted'lab scale digesters. Both used total gas production
rates as a measure of digestion peiformance.

Rindt showed similaf gas ptoduction rates for a control
digester fed primary wastewater sludge and a test digester.
The test digester was fed a mixture of primary wastewater .
sludge and water treatment plant élum sludge. A more
appropriate parameter to assess digestion performance for
this study would bef -

gas produced (mL/Hr)/VS loading (mg/L) .
A 23% decrease in performance for the digester fed the alum
sludge mixture can be demons£rated using data presented by
Rindt for the 53rd day of operation (based on the rafe of
gas produced (mL/hr)/VS loading (mg/L)).

" Reed (f975) déﬁpnstrated gas production rates were an
average 15% lower for a test digéste;_fﬁed a mixture of
primary wastewater sludge and Qater/tre;;ment plant alum
sludge) than a control digester (fed primary wastewater

sludge). The aluminum concentration in the feed'sludge

v

mixture was approximately 600 mg/L (as Al). Volatile solid

loadings in the digester receiving the sludge mixture were

. ‘ i
{
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 »€6;s}stently higher than in the control digester indicating
greater adverse effect on digestion performance because of
presence of alumiaum. |

Hsu.and Pipes (1973) employed batch experiments to
investigate the effects of”alum sludge from water treatment
operatioas upon anaerobic aigestion.‘Preformed aluminum
hydroxide floc was added to a combinatiohiof primary'and
waste activated sludge and fed to test digesters. The
cOntro; digester receivea primary and‘waste activated sludge
only. Volatile solid-loadingslto”all batch digesters-were
equivalent. Total gas production was"monjtored to assess
digestion performance. Hsu and Pipes vere . able to
demonstrate decreased efficiency at h1gh.alum1num
concentrations in the'test digesfers. TotaI‘gas production

P

decreased 15% at a concentratlon of 1,549 mg/L a Ai Hsu
and Pipes proposed thaé’%he decrease in eff1c1ency was due
to retardation of the acid forming bacterla from presence cf‘
aluminum hydroxide floc..Thls was attr1buted té the |
’observaczon that PH in theidlgesters containing the
" preformed aluminum floc gehained.betweeh‘7.0 and 7.6 for the
;hole digestioa period. E o ¢
Gossett—et al. (1978) dosed wastewater samples with

various concentrations of alum and ferric chloride. The
resulcipg chemical sludges were fed to semi-continuous lab
scale digesters; All feed sludges were initially adjusted to‘

an equivalent volatile solids concentration. Gossett et al.

were able to demonstrate -the adver..c effects of chemical
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‘coagulants on anaerobic digestion. Reduced digestion

efficiency, demonstrated by decreased total gas production,

L

was evident immediately for digesters fed aluminum and iron
precipitated sludges. Gossett et al. concluded the nature of
the adverse chemlcal effect was apparently one of decrea51ng
blodegradabllity. Examination of alkalinity data revealed
signlficantly reduced alkalinity in the digesters receiving
chemical sludges. Decomposition of organic.nitrqgen was only
one half as great in digesters receiving alum sludges |
compared to'the control digester. Reduced alkalinity in the
digesters receiving alum sIudge‘was apparently due to a
reduced degree of-organic nitrogen catabolism. The

importance of alkalinity formation from degradation of

™~

organic nitrogen compounds was discussed earlier (section

s . Y

3.2.2.1). . ‘

Recent work by Gossett et al. (1979) and Dentel- et ‘
al. (1982) focused on characterization of the mechanism?él
by which alum and ferric chloride neduce-biodegradability-ori\
ceagulated organics in chemical sludges. Comparisons of
digestibility to determine impaired digestion performance'
were,based on: | | |

total éas production/COD fed (mg/L) .

The mechanism causing digeStibility decreases was
suggested to be some manner of.association of substraté'with
coq?ulant floc. .The mechanism renders a portion of the
organics leSS'accessible and/or less reactive to

microorganisms or their extracellular enzymes. This effect

':/’
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was proposed to occur during‘the coagulation process. The
enmeshment of colloidal métérial may form a barrier around
organic solids during chemical coagulatioﬁ; This could |
effectively ihterfere‘with enzmyatic hydrolyéis‘by the acid
forming bac;g;ia duriﬁg digestion,
3;3.3 Development of‘Research:Objectives

The literature has demonstraﬁed the adverse effects.of
alum and ferric chloride ﬁpén anaerobic digestion. However,
there exists a lack of informa;ion 6n‘chemiéai coagulant
concentrations present during digestion which produce these
gdve;se effects. | | |

.Plant.scale studies typiéally involQe chemical addition
at a specifié location in the treatment process (i.e. before
primary sedimentation, to the aération basin,'etc.). No
attempts have been mad:%to determine the chemical coagulant
cbncentration i} the feed sludge or éregent in fhe digester.

Concern has bee focused oh{changes brought about from |

chemical sludges (i.e. increased sludge volume fé be handled
and/or‘rgduced hydraulic refenfion time, effects of low pH
in feed'sludgef.\ @ ‘
Laboratogy studies involve/%dd{;ion of a'chemical
Aangulant to wasﬁewater ;amples“ébtained from a location
51m11ar to those dlscussed above. The coagulated wastewater
is usually allowed to settle ane the resultlng sludge is 1
adjusted for characteristics such as pH, alkalinity, and *.\

volatile solids concentration prior to being fed to lab
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scale digesters. Again, chemical coagulant concentrations
. present during_the‘beriod of digestion are unknown. Studies
performed by Gossett et al. (1978), Reed (1975),

Rindt (1973), and Grigoropoulus et al. (1971) are examples
of this. . < ”

_The objective of this research was to assess the
m@gnitude of effeété ;Hemical coagulants have upon anaerobic
digestibn by monitéring methane p;OGUCtion and measuring
concéntrations of aluminum or iron present during‘batch
digestion of chemically pfecipitatéd sludge.bMore'
speéifically: ' \

| V1. to determine if a chemicél‘coagulaﬁt dose

. methane response relationship exists in order to

| establish threshold values for any adverse ‘
-effects which may be cauSed by alum §r ferric
’chloride;‘and

2. to determine any relationship between the
_ experimental_:ésults and digester performance at
the City of Calgary Bonnybrook Wastewater

.Tréatment Plant whefé‘alum addition is pfécticed

. to remove phosphorus.



4. EXPERIMENTAT, METHODS AND PROCEDURES

The experimental technigue used for this study was the
Hungate Serum Bottle Technique. The method was adapted‘f%oh
Fedorak and Hrudey (1984). Tests involved observing a
response from batch digesting cultures of chemically
- coagulated activated sludge and enaerobic eeed sludge.
Percent methane pef gfem/litre volatile solids loading =
(%CH, per g/L VS) Was the response measUred‘to assess the
magnitude of effects on methane production. Percent methane
is the precent by volume methane produced (or methane‘
cdncentratién) in the headspace of the culture bottle.
Volatlle solids loadlng represented the amount of volatlle
organics in the bottle at the start of the digestion peri d

A response from the test cultures was compared to that
of the control culture. Deviation of a response from the

t%st culture below the control indicated decreased methane

production. ‘'The magnitude of the deviation could provide the
basis for a chemical coagulant dose methahe response

relationship. .

4.1 Sludge Derivation

~All siudgeasamples were %?tained from the City of
Edmonton Goldbar Wastewater Treatment Plant or from
- Bonnybrook Wastewater Treatment Plant, City of Calgary.
Activated sludge samples at Goldbar were obtained from
‘sampllng ports for the effluent channel of the aeration

basin which carried mixed.liquor to the final clarifier.

26



/

Activated sludge from Bonnybrook was sampled near the

surface of the mixed liquor flow in the effluent channel

betweeX the aeration basin and the final clarifier,

approkimately 7 meters downstream from the point where

liguid alum was added to thg surface. Anaerobic sludge was

éémpled from ports located at mid-height of the digester

units from both treatment plants.

The basic procedure for all the experiments was the

same. The following is a step by step procedure for sludge

derivation:

1.

&

Activated sludge was distributed into a series of
2,000 mL plastic gradué{ed cylinders;

Contents in each cylinder were air mixed for

30 seconds;

Alkalinity, in the form of powdered sodium
bicarbonate, was immediately added and contents were
air mixed for 60 seconds (see Tables 4.1 and 4.2 fér
quantities);

Chemical coagulant (reagent érade alum'or ferric
chloride) was added in”various concentrations to the

cylinders and the contents were air mixed for 120

"seconds (seé Tables 4.1-and 4.2 for quantities):

Sodium hydroxidé (1 Normal solution) was addéd to
thé cylinders to adjust the pH within 6.5 to 7.5 and
the contents were air mixed for 36 seconds (seé
Tables 4.1 and 4.2 for quantities);

Contents in the cylinders were allowed to settle' .
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under quiescent conditions for 90 minufes (activated
sludge uééa for the control was. air mixed for a
total of 4 minutes and allowed to settle);

A vacuum pump was used to draw off the supernatant
(an eguivalent amount of supernatant was removed
from each cylinder in Alum bxperiment R6. The
remaining contents were gently remixed. This
attempted to equaiize tee volume of settled sludge
in each cylinder); and

A representative sample of settled sludge from each
cylinder (150 to 175 mL leume) was transferred to a
250 mL Erlenmeyer flask and rubbered sﬁoppered for
appfo#imateiy 45 minutes prior to being added to the

serum bottles.

Tables 4.1 and 4.2 show the amounts of chemical

coagulant (alum and ferric chloride) and sodium bicarbonate

added to 2 litres of activated sludge.

A sufficient volume of settled sludge from each

tests.

cylinder was later used for wastewater characterization

4.2 Experimental Program

4.2.1 Alum Experiments

The following is a discussion of each experiment

performed.

Alum R1 Initial experiment to determine if an aluminum
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" dose methane response relationship exists.

A]um R2  The purpose was to determine if the results
are reproducible within an experiment for any treatment
condition tested. Two independent samples of alum
precipitated seﬁtled sludge were derived for each
treatment condition and used for the batch'culture
assays.

Alum R3 The'purpose was to investigate the effects of
alum on acetate utilizing methanogenic bacteria. Each
sample of aluminum precipitated sludge was tested with
an acetate.supplement present and without it. Acetate is
‘a volatile organic acid.that serves as a substrate for
acetate methanogens. In this way, the acetate
methanogens are not dependent upon the ndn—methanogens
to produce acetate. Acetate supplement (75 'mg/mL) was
added as a substrate for the acetate methanﬁgens (17.29
g CH,COONa-3H,0 dissolved in 100 mL of distilled water
and adjusted to pH 7.0 with NaOH). A like volume of
distilled wateg)@as used for each treatment condition in
place of the acetate supplement for compafison.
Alum R4 The purpose was to determiné if the resUlts ;f
experiment R1 are reproducible.

Alum R5  The purpose was to determine any {elationship
between the previous experiments and digesgg}'
pefformance at the City of Calgary Bonnybrook Wastewater

Treatment Plant. The plant employs alum addition prior

to the final clarifier. An equivalent alum dosage of
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70 mg (Al:(SO,)3+14H;0) is added per L of wastewater
treated in the forh of a liquid (48.5% by weight dry
Al;(SO4)3+14H,0 in water). Activated siudge samples from
BonnyBroék (already containing alum from plant |
operations) were spiked with various amounts of reagent
grade alum. Anaerobic sludge from Bonnybrook was used as
seed. The resulﬁing'test conditions were compared to the
' control (containing only alum from plant operations) to
try to demonstrate an aluminum dose methane response
relfationship. _ |
Alum R6  The purpose was to {hvestigate the effects of
alum on alkalinity production under batqh operations.
Each sample of aluminum precipitated sludge dérived was
tested in the presence of normal alkalinity and an
alkalinity supplement. The alkalinity supplement was
provided by addition of a 30 g/L solution of sodium
bicarbonate. Normal alkalinity represented the amount of
alkalinity present in the serum bottles'(alkalinity |
conditions at which all previousvexperiments were
tested). A like voluﬁe of distilled water was used for
each treatment condition (insﬁead of the sodium |
bicarbonate supplement) for normal alkalinity
conditions. Extra serum bottles were set up for each
treatment condition. One bottle froh each tr%%thent
condition was opéned every 14 days during inc&B&t{?n and

analyzed for alkalinity.
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4.2.2 Ferric Chloride'Experiments
The following is a discussion of the experimental runs
performed.
FeCl, R1 Initial experiment to determine if an ‘iron
dose methane response relationship exists.
FeCl; R2 The purpose was to determine if the results
are reproducible within an éxperimentifor any treatment
condition tested. Two independent samples of iron |
precipitated settled sludge were derived for each
treatment condition and used for the batch culture
assays. | ‘
FeCl; R3 The purpose was to investigafe the effects of
ferric chloride on acetate utilizingi&gthanogenic ‘
bacteria. Each sample of iron precipitéted sludge.
derived was tested with acetate present and without it.
An acetate supplement (75 mg/mL) was added as a
substrate for acetate methanogens. A like volume of
. distilled water was used for each treatment condition_in

place of the acetate supplement for comparison,

4.3 Anaerobic Bioassay,Techﬁique/

The batch culture assays wefe»pérformed in Type 1
borosilicate glass, 150 mL”serum bottles (Wheaton
Scientific, 158 mL actual volume). Triplicate cultures were
set up for each treatment condition. During each |

experimental setup the serum bottles wete_cqntinuously

gassed with a mixture of O, free 30% CO, and 70% N,. ;
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Anaerobic sludge, used as seed, was placed in an open
1,000 mL Erienmeyer flask on a magnetic stirring plate. The
headspace above the liquid level of the sludge was
continuously gassed with the O, free CO,:N, mixture.

Chemically precipitated settled sludge in the 250 mL
Erlenﬁeyer flask was sparged with N, gas for a period of
15 minutes prior to being added to the sérum bottles. The
sparging attempted to rémove any oxygen trapped in the
sludge. The headspace above the liquid level of the settled
sludge was continuously gassed with;Nz.

Separate pipettes were used for tranﬁferring aliqubts
of each sample of settled sludge and anaerobic slhdge‘to t*
serum bottles. Transfer of sludge was accomplished in the
following manner. A piece of 600 mm long removable latex
rubber tubing was attached to the top of the pipetfe.
Suction was provided{by placing the other end of the tﬁbing
in the mouth. Prior to dréwingﬁgludge.into the pipette, the
volume in the pipette and the tﬁbing were filled with gas
(used to flush the headspace of the sludge) by suction. This
procedure was to minimize oxygen contamination. An aliguot
of sludge was then drawn into the pipette and transferr;d to
the serum bottle. This procedure was rgpeated for each
transfer of aliquot.

The transfer of other constituents to sefum bottles
were performed by regular.pipetting techniqgues.

The procedure followed for Alum Experiments'31, R2, R4,

and R5; ahd.Ferfic Chloride Experiments R1 and R2 was as

¥
2.
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Add 1 mL resazurin (a redox indicator that turns
from pin§~to colorless when it is reduced);

Add 19 mL aliquot of anaerobic sludge;

Add 30 mL aliquot of chemically precip%tated settled
sludge; and :

Seé; serum bottles with butyl rubber stoppers and

aluminum seal.

The liquid volume in the serum bottles (50 mL) consisted of:

- 1 mL redox indicator (2% by volume);

- 19 mL anaerobic seed sludge  (38% by volume); and

-= 30 mL settled sludge (60% by volume).

The procedure followed for Alum Experiment R3 and

Ferric Chloride Experiment R3 was as follows:

1.

2.

5.

Add ' mL resazurin;

de 0.5 mL distilled water .or 75vmg/mL-$cetate
supplement;

Add 19 mL aliquot of aqperobic‘sludge;

Add 30 mL aliquot of settled sludge; and

Se€al the serum bottles.

The liquid volume in the serum bottles (50.5 mL) consisted

of:

- 0.5 mL distilied water or acetate supplemert
(1% by volume);
- 1 mL redox indicatoé (2% by volume);
- 19 mL anaerobic seed sludge‘(37.6h ko volumé);.and

- 30 mL settled sludge (59.4% by volume) .



y 36

The procedure follo;ed for Alum Experiment;RG was as
follows: |
| 1; Add 1 mL resazurin; ,
2. Add 5 mL of eiﬁher distilled water or 30 g/L
‘supplement of sodium bicarbonate (alkalinity);
3. Add 19 lealiquot'of anaerobié seed sludge;
4. Add 25 mL aliquot of settled ledge; and .
: ‘ T
5. Seal the serum bottles.
The liquid volume in the serum bottles (50 mL) consisted of:
- 1 mL redox indicator (2% by volume);
- 5 mL distilled water or alkalinity supplement
(10% by volume);

19 mL anaerobic sludge (38% by\§olume); and

- 25 mL settled sludge (50% by volume)..
The serum bottles were placed in an incubator at 37 °C
for 55 to 60 days. During the initial stages:of incubation
samples of the headspace gas were removedkevery 2 to 3 déys

g '
" (less frequently later) and analyzed for methane by gas

chromatography.:

Calculated sodium concentrations in the serum bottles
froh the aadition of sodium bicarbonate (alkalinity) and
sodiuh hydroxide (pH édjustment) during_sludge preparation

were below moderate inhibitory levels indicated in Table 3.3

(3,500 to 5,500 mg/L).
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4.4 Analytical Methods
.Surplus‘samples of the chemically precipitated settled

sludge and anaerobic sludge from all experiments were added

to 500 mL bor05111cate glass containers in the same percent

volume proﬁortlons as dlscussed in section 4.3, Distilled
water was usedwln place of resazurin and acetate The 500 mL
samples conta1ned the same components of 1nterest as samples
in the derum bottles. These sludge samples were/preserved
according to Standard Methods (APHA 1980, Section 105) and

used for alkalinity, residue, and metal analyses (Al and

Fe).

4.4.1 Alkalinity

All sludge sampleslwere centrifugeé for 30 minutes at
3000 rpm with a Sorvall RC-5B Refrigerated Superspeed
Centrifuge (?u Pont Inatruments). Alkalinity determinations‘
were made on‘the decanted‘supernatant at room temperature.‘

Alkalinity was determined in accordance with Standard
Methods (APHA 1980, Section 403). Ten mL sample volumes were
titrate?‘with 0;02 N standardized sulphuric acid solution. A
mixed bromocresol green methyl fed,solution was used to

indicate a color change from blue to light pink (pH = 4.6).

Triplicate determinations were made for all samples, average

values were recorded.
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4.4.2 Residue

Total solids were determined from the method outlined
by Jenkins et al. (1980). Sludge (25 mL ‘sample) was placed
in a prepared aluminum evéporating.dish, allowed to |
evaporate to dryness on a steam bath, and oven dried for
1 hoﬁr at 103 °C. Volatile solids were determined by
ignition for 30 minutes at 550 °C of residue from total
solids analyses. All determinations were made in triplicafe,
) averége values were recorded. ! »

An attempt/ﬁas made to correéf for any source of
contribution to.volatile solids from the alkalinity
reactions with alum or ferric chloride during the
coagulation process. Volatile solids were also determined
for all treatment conditions listed in Tables 4.1 and 4.2
using tap water blanks (50 mL samﬁles). Volatiie soliés (}
determined from~these analyses represented the volatile
‘solids contfibuti - by alum and ferric chloride and these
were subtracted from volatile solids detérmined from
analyses of each wastewater treatment condition with‘the
sludge Sahplés. The iesulting value more accurately
represented the amount of.waStewater volatile organics

present ‘in the serum bottles at the beginning of the

digestion period.

4.4.3 Methane Analysis
Methane measurements were determined by gas

chromatography (GC) methods. A Hewlett-Packard (GC) (Model
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57304) equipped with a flame ionization detector was fitted
“with a 0.90 m 1 mm ID glass column packed with 1% SP-1240A
DA on 100/120 Supelcoport (Supelco). Nitrogen was used as a
. carrier gas at 30 mL/min with hydrogen and air flows of

30 mL/min and 240 mL/min respectively. The oven, 1njector
and detector temperatures were 25, 25, and 100 °C
respectlvely. A Hewlett-Packard System Integrator (Model
3385A) was used in the determ1nat1on ‘of percent methane.

A series of standards (known concentrations of methane)
were“analyzed en the GC prior to each methane analysis of
tne batch cultures. %jthane Standards were pregared in 158'
mL volume serum bottles. Percent methane in the standards
were detérmined from the following formula:

%CHa = (a/(a+158))-100; where
a = volume (mL) ofﬂpurifiea methane added to the
bettle. . | '

A relationship between the percent by volumebmethane in
the’standards:and a corresponding value indicated by”the'
1ntegrator was subject to linear regression. The resultlng
regress1on equatlon was applled to integrator values“
obtained from analysis of the batch culture assays to yield
%CH, . | | »
Corrections were made for the bresence of water“vapor
in- the samples taken for‘GC analysis.vaservedvmethane
concentratiens were divided by a correction factor'l'

determlned at ambient temperature at the time of analy51s.

The correction factor (CF) was determlned from the followxngi

Ny

L/
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formula:
MCF = 1 -:((a/b)~c/J,000) : where
a = amount of H;0 in saturated-air at ambient
temgerature at time of»analysﬁs (g H;0/m*® or g
H,0/1000 litres) obtained from List (1949);»

AN

b = gram molecular weight of H,0 (= 18 g/mole); and

()

c =‘volﬁme occupied per mole of gas at standard
temperature and pressufe (sTP) (= 22;4 L/mole).
‘Methane sampling and removal during incusation was
.per formed Qith plastic syringes (0.5AmL) equipped with 28
gauge - 12 mm long needles. The. sampling syfinge'was'flusﬁed‘
with nitrogen gas prior to each individual meééurement.fAll

syringe measurements were taken at room temperature.

4.4.4 Sludge Digestion for Metal Anélxses

Sludgé samélés were Steam_digestéd under pressure to
solubilize the metals prior to determination df Al and Fe.
The rapid digestion method outlined by Nielsen and -
Hrudey (1984) was followed.

Sludge samples were acidified‘(1% v/v) with
concentrated HNO; and then 20 mL aliquots were transferred
to 50 mL Pyrex tést’tubes.'The test tubes were cdve{ed,
placed in a.template stand in a pressure cooker, and steam
dﬁgested~for 1 hour at 210 KPa (2 atm). Iron sludge samples
wefe covered with aluminum foil and’aluminum sludge samples
were covered with polyester wrapping (Lookaags,‘Reékittiahd

Coleman Canada Inc,

Lachine, Que.) and held in place by ©
X ' .

N

!
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‘afﬁﬁinum foil. Blanks, K (distilled water) were steam digested
to account for metal contamination from the pressure cookerj
The digested supernatant w?s decanted, filtered, and
analyzed.

Iron sludge samples were steam digested in'an‘aluminum
Model 411 domestic pressure cooker of 11 L capacity (PresFo,
Scarborough, Qntariof. Aluminum siudge_samples were steam
digested in a stainless steel Model 18/10 domestic pressure}

cooker of 5 L capacity (Lagostina, Italy). «

4.4.5 Metal Analyses

Metals (Al and Fe) were determined by flame atomic

-

absorption spectroscopy using a Model 5000 spectrophotometer
(Perkin-Elmer, Norwalﬁ, CT). Metals were determined in
dccordangéwwith Standard Methods (ﬁPHA 1980, Section 303C
for Al and Section 303A for Fe). Operating conditibns for
the flame atomic absorption metal determinations are liéted
in Table 4.3.

. Stock standards for.Al and Fe (Fiéher Scientific) were
used to develop'calibration'cﬁrvgsVwith'respect to metal‘

concentration and absorbance value. All standards and

sar>): -::2 diluted so that their absorbance values fell on
the 1 »¢ov part respective calibration curves. Blanks
and -standards wc. lyzed after every fifth sample to

correct for instrumental drift and éhanges in flame
operating conditions. Triplicate readings of all samples and

standards were made, average values were recorded. -

b
S
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4.4.6 Stétistica;pnethods

Meﬁhane proguction per volatile solids data from the
bioaséays were analyzed using the method of Dunnett (1955)
to determine which treatmnnt conditions produced mean
responses (%CH. per g/L VS) significantly less than the mean
control response (P < 0.05). Triplicate cultures for each
test condition and contr;l were set up. A mean of the three

cultures was taken as the response for each test condition

and compared to the mean for the control using the Dunnett

method.



5. EXPERIMENTAL RESULTS

5.1 Wastewater Characteristics

Tabies 5.1 to 5.9 show the wastewater characteristics
of interest for each treatment condition in the bioassays.
Alkalinity information for Alum Experiment R6 is presented
in Figures 5.1 and 5.2. Figures 5.1 and 5.2 were derived

from data presented in Appendix I.

5.2 Bioassays

Trends in methane product1on, on a " per mass of
volatile solids loading” ba51s, for the bloassays are
presented in Figures 5.3 to 5.14. Some treatment conditions
from each bloassay have been omitted from the figures for
e%arlty Results for all the bioassays are tabulated in \
Appendix II. The tables in Appendix II indicate values for
the lower end of a aon—significant range for methane
production per volatile solids loading (determined from the
method of Dunnett, 1955). Significant adverse effects in , A
‘methane production (compared to the control) are indicated \\
when methane productlon per volatlle sol1ds loading for any

treatment cond1t1on is low r than this value (P < 0.05).

5.3 Methane Generation
Linear chemical coagulant dose methane response
relationships for the bioassays are presented . in

Figures 5.15 to 5.25. Percent methane per g/L VS loading

44
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values at the end of the 3rd, 6th, and 8th week of
incubation (approximate times) were used to calculate an
average value for the methane generation of each treatment
condition. The average values are plotted in the methane
generation figures (Figures 5.15 to 5.25). Methane
generation and %CH, per g/L VS loading for the three
incubation times chosen are shown in Appendix III.

The linear relationshipsIdemonétrated in the methang
generation figures should not be used as empirical
relationships for prédiction of methane response.
Significance of the slope, hbwever, may give some indication

as to whether or not a functional relationship exists

between chemical concentration and methane production.

5.4 Significance Tests On Chemical Coagulant Concentration
‘.Methane Response Relationship

Significance tests were performed on the methane
generation data presented in section 5.3 to'determine if a
functionai coagulant dose methane response :elationship
exists. The F test using the anaiysis of variance (ANOVA)
approach (Neter and Wasserman, 1974) was used to check
whether the slopes of the methane generation relationships
were sfgnificantly different from 0 (P < 0.05). Calculations
are presented in Appendix IV. Results of the significance
tests are summarized for the alum experiments (Table 5.10)

and ferric chloride experiments (Table 5.11).

b2}
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5.5 Chemicaqltoagulant Effects ﬁpon Acetate Methanogenic
Bacteria | |
Tables 5.12 and 5.13 compare methane generation for
aluminum and iron precipitated sludge with and without

' acetate supplementation. The tables were prepared from data

presented in Appendix III.
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Table 5.1 Alum Experiment R1

ALKALINITY

v
(mg/L)"

CONTROL 910
I 910
11 940
111 970
v 1,000_
v 1,010
VI 1,030
VII — 1 060
vin 1,080
Ix 1,120
' As Caco;.‘

TOTAL
SOLIDS
(mg/L)
4,000
3,660
3,920
4,030
3,790
3,770
3,680
3,760
3,660
3,800

, WASTEWATER CHARACTERISTICS

VOLATILE

SOLIDS " Al
(g/L) =~ (mg/L)
2.71 22
(2.76)2

2.39 24
(2.44)

2.57 39
(2.63)

2.58 52
(2.64)

2.35 62
(2.42)

2.28 ' 69
(2.36)

2.13 - 78
(2.23)

2.11 » 87
(2.21)

1.95 : 94
(2.07) ~
1.90 110
(2.02)

? Volatile solids uncorrected for contributions by
alkalinity reactions (see section 4.4.2).

NOTE: Values represent amount of constituents present

at beginning of incubation.

47



Table 5.2 Ferric Chloride Experiment R1’

WASTEWATER CHARACTERISTICS

TOTAL VOLATILE
ALKALINITY SOLIDS SOLIDS Fe
- (mg/L)" (mg/L) (g/L) (mg/L)"

CONTROL 890 4,170 2.85 9

. . (2.91)2
1 900 3,770 2.43 31

: (2.51)
11 920 3,830 2.45 56
(2.54)

111 950 - 4,060 2.45 120

' ' (2.56)
v 970 - 4,000 2.30 153

- (2.41)
\ 1,010 3,880 1.98 211
' g L (2.12)
VI 1,060 - 3,740 1.66 246
: (1.82) S
VII : 1,130 4,240° . 1.77 354
. - (1.95)
VIII 1,210 5,420 2.18 622
(2:39)
IX 1,230 5,820 2.17 770
, (2.40)

* Volatile solids uncorrected for contributions by
- alkalinity reactions (see section 4.4.2).

NOTE: Values represent amount of cgzstituents present
at beginning of incubation.
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fable 5.3 Alum Experiment R2

- WASTEWATER CHARACTERISTICS

% TOTAL VOLATILE
ALKALINITY SOLIDS SOLIDS Al
(mg/L) " ""(mg/L) (g/L) (mg/L)
CONTROL 1,070 3,460 2.29 20
: - (2.34)2
0 1,050 3,470 2.34 19
(2.39)
I (a) 1,070 4,100 2.81 30
o (2.86)
I (b) 1,080 4,130 - - 2.83 30
‘ (2.88)
1 (a) 1,100 - 4,820 3.37 43
: (3.43)
11 (b) 1,100 4,820 3.30 44
' (3.36)
I1T (a) 1,110 5,170 3.52 71
r ) (3.58)°
I11 (b) 1,120 - 5,260 3.59 78
’ ' ‘ (3.65)
iv 1,140 4,980 3.26 87 -
(3.33)
\' 1,170 5,270 3.43 110
(3.51)

' As CaCO3.
* Volatile solids uncorrected for contributions by
alkalinity reactions (see section 4.4.2),

NOTE: Values represent amount of constituents present
at beginning of incubation.



Table 5.4 Ferric Chloride Experiment R2

ZER CHARACTERISTICS

AT - VOLATILE

_ , DS 3 SOLIDS Fe
. Amg S/ 1 ). (g/L) (mg/L)
CONTROL - 1,070% 7% «»‘E "1.91 7
S - (1.97)2
o 1,070 2,960 . 1.86 7
. ' (1.92)°
11 (a) 1,110 3,430 2‘.?14 ) 36
(2.0°
11 (b) 1,100 3,250 2.00 32
. ' S (2.09)
111 (a) 1,130 3,600 2.17 69
(2.28)
11T (b) 1,120 3,740 2.27 75
- A ' (2.38)
IV (a) “ 1,130 3,710 N\ 2,13 103
(2.24) =
IV (b) 1,150 3,660 2.09 100
| - (2.20) . .
v (a) 1,210 3,890 2.02 161
| o (2.16)
v (b)." 1,220 3,850 "2.00 . 157
, / R (2.14) '
Vi (a) 1,270 4,300 2.07 250
(2.23)
vl (b) 1,270 - 4,240 2.01 244
: (2.17)
' As CaCO,;.

. * Volatile solids uncorrected for contributions by
alkalinity reactions (see section 4.4.2).

NOTE: Values represent amount of constituents present
at beginning of incubation.

~



Table 5.5 Alum Experiment R3

b ,
WASTEWATER CHARACTERISTICS

f

TOTAL VOLATILE

ALKALINITY SOLIDS SOLIDS
(mg/L) " {mg/L) (g/L)
CONTROL 1,090 3,100 2,11
- ) ' - (2.16)2
11 1,140 3,840 . 2.66
v (2.72)
v - 1,180 4,050 2.65
' (2.72)
\'4 1,230 4,080 2.60
’ (2.70)
VI 1,280 4,120 2.44
' (2.56)

' As CBCO;.

571

Al
(mg/L)

2 -
33

85
108

-? Volatile solids uncorrected for contributions by

alkalinity reactions (see section 4.4.2).

NOTE: Values represent amount of constituents present

at beginning of incubation.
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Table 5.6 Ferric Chloriae Experiment R3
WASTEWATER CHARACTERISTICS
|  TOTAL VOLATILE o,
ALKALINITY SOLIDS SOLIDS Fe
(mg/L)* (mg/L) . (g/L) - (mg/L)
CONTROL 1,060 ' .3,120 = - 2.01 |
, (2.07)2
11 1,100 3,220 1.97 36
. - (2.06) ’
v ‘ 1,160 . 3,490 1.95 98
(2.069 .
v 1,230 3,920 2.03 176
. (2.17)
Vi : 1,290 4,920 - 2.43 364
(2.59)
' As CaCO,. : -

* Volatile solids uncorrected for contributions by
s» alkalinity reactions (see'section 4.4.2).

NOTE: Values repres®nt amount of constituents present
at beginning of incubation.



- Table 5.7 Alum Experiment R4

WASTEWATER CHARACTERISTICS
: '~ TOTAL VOLATILE *
ALKALINITY SOLIDS SOLIDS Al
o(mg/L)* . (mg/L) (g/L) (mg/L)
CONTROL 1,050 2,720 1.73 16
L (1.78)2 ,
I 13090 3,430 . 2.23 28
| b ' (2.29) |
ISR e % k120 3,480 2.18 : 39
R N o (2.24)
1v 1,150 3,610 2.22 56
S 5 . : (2.29) . .
v 1,970 3,750 2.25 . 67
e R TT (2.327% .

VII . . 1,200 3,950 2.27 - 90
VIIT #1230 4,130 2,27 118
T o | (2.39) |
1X Y 1,270 4,390 . 2,29 144

. . (2.41) _

' As CacCo,. . . . i
* Volatile solids uncorrected for contributions by
alkalinity reactions (gee section 4.4.2). o
. - . » . . ;r:-é’: .
NOTE: Values represent amount of constituents fpres
at beginning of incubation. -

+ 1
E
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Table 5.8 Alum Experiment R5
. WASTEWATER CHARACTERISTICS
B
. : TOTAL VOLATILE - ‘o
ALKALINITY SOLIDS SOr.TNnS Al
, (mg/L) " - (mg/L) (g/L; B (mg/L)
CONTROL 1,290 14,240 .  9.20 647
o ‘ ‘ (9.265)2 |
11 1,310 15,300 9.92 - .73333' -
. o (9.98) A
111 1,330 '+ 15,090 9.72 - 733 N
C . (9.78) .
v . 1,380 - 15,230 9.73 739 W i
" . (9.80) - ; . cLoiET
v ‘ 1 380 15,310 - 9.77 - 766 R
: - (9.85) | S
VII - 1,430 - 15,540 - 9,79 772 A
A | . {9.89)
vIiir 1,950 - . 15,300 9.56 778
e o © (9.68) o
1X 1,530 . 15,950 9.87 806
S < (9.99) o
f;f;--,s.;%‘“,&' As CACO,. ’

22 Volatile sol1ds«uncorrected for contrlbutlons by'
A aIka11n1ty reactions (see section 4.4. TV

b

i NQTE # Values represent amount of con§t1tuents present

— at beglnnlng of incubation.: y 4
o7 . O
. - N "



' Volatile solids unco:;ebted,foq gontfibutiops by

4
@ = TOTAL
' SOLIDS
, (mg/L)
CONTROL 2,810
11 2,920
v’ 3;140
1’4 S 3,310
© L VIID 3,570

..Q

i

A% - 'WASTEWATER CHARACTERISTICS

VOLATILE
‘SOLIDS
(g/L)

1.87 (1.92)1

1.88(1.94)

11.93 (2.00)
1.94 (2.04)

CTE
1.96 (2.08)

ﬁ.\fébiéQS.S_Alum Experiment R6

110

alkalinity reactions (see section; 4.4.2).

!

"'NOTE: fvélues répresentﬁamouﬁt of consti

at beginning of incubation.

<

tuents present
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. NOTE:
Hﬂ‘ s concentratlons tested 1n all expgrxmen S.”

Table 5.10 TestWForvSignifiCanée -~ Alum Experiments
’ - ’ - "}' . ! ) e, J Ly :

Alum
Eggerlment

gc@
ﬂ' ;f. '_]'Rﬁ‘:

-Q\' i R3 . /

R3With - ;‘

.. -Acetate-

R4

R6 With -

A]ka]inity"

~ Supplement

L

’l

¥  Supplement. .

h

&

!

iy

-

Yes’

Yes

@

ol

Yéé;

Yes

_ Slope # 0
(P < 0.05)
@f .

L

-

181

XN
Pid




Table 5. 11 Test For S1gn1f1cance - Ferric Chlor1de
Experiments

Ferric - Slope # ('
Chloride * (P < 0.05)
Experimept

! R1 - - No

‘ 5 .
R2 ‘ Yes
R3 ~No
R3 With .
Acetate Yes
. Supplement

"_ Slope of linear iron dose methane response

relat10nsh1p

NOTE: Results &Ppply only to the range of iron
concentratlons cected in all experiments.

82



Table 5.12 Comparison of Methane Generation -~ Alum
Experiment R3

~

Methane ‘Generaticon'I

Al Without With
(mg/L) Acetate Acetate
CONTROL 20 100 ’ 100
11 | 33 97 88
IV 60 | 91 L T s
VI 85 | 84 + ° 84
VIIT 108 80 . 83

A

! % of control.

NOTE: Methane generation values are averages for three
different incubation times shown in Tables III.5 and

I1I1I.6
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v

Lo \ . . - . L, . r
Table 5.13 Comparisop of Hethane Generatxon - Farrxc B

C&lorlde Experxment R3 R

MethaneaGéne:atiqn"

o

. Fe~ . Without . With
(mg/L) . Acetate ~ Acetate
CONTROL . 8. . '. 100 - 100
II \ 6 . 91 97
vi . 98 89 97
v o176 . 87 .93
. (,‘ . - - .
vl I 364 - 88 . 88
! % of controi.

NOTE: Methane generation values are averages for three
different 1ncubat10n times shown in Tables I11I.7 and

I11.8 o \



. . AR I . : ' .
6.1 Wastewater Characteristics 7

‘the expection of the h1gher values for f1nally dlgested ]

6. DISCUSSION OF RESULTS

The follqwing discussion relates to Tables 5.1 to 5.9,
Control cultures for all the bioassays contained various

baseline amounts of alum1num (alum exper i 'ents) and iron

(ferrlc,chlorlde experlments) Alum1num and?1ron in the

J

control cultures were present in’ the act1vdted sludge and

anaeroblc sludge obtalned from the wastewater treatment

" plants since the control samples did not receive any

themical addition during sludge preparation. Aluminui

”eoncentrations ranged,from 10 to 22 mg/L and iron
ICOncentrations of 7 to 9 mg/L were present in the control
cultures. These values appear low when compared to‘finally
‘digested sludge (400 mg/L Al or 800 mg/L Fe) from digesters

where neither alum or ferric chloride addition was practiced

(Department df*Land ResourCe‘Science and Microbiology,
Unlver51ty of Guelph 1976) even when taklng into account //
sludge. The form in Whlch the métals appear in the sludgeL\\

samples is unknown (soluble or insoluble). Their presence‘

represents a basellne for ‘a municipal sludge source where

'chemlcal4coagulant add1t1on was not practiced. The effects

caused by addition of chemical coagulant during sludge

preparation are compared to this baseline.

Aluminum concentrations in all treatment conditions for

Alum Ekperiment R5 (Table 5.8) were very high (647 to

85
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v

ﬁ'806‘mg/i).'The»sample sources cbntfibu£ed 647 mg/L (contrbl?
because fhey were taken from a plant précticing alum: '
addition (Bonnybrook Wasﬁewaéef Treatment.Plant, Calgary’,
The hiéh alurinum concentrations and total solids |
(Table 5.8) in. the qohtroi is probably not representative of
averagé activated sluége‘and is probably biased to high
aluminum concentrations. In retrospect the method of

) sampliné the acEiVated sludge at Bonnybrook, discussed in
section’4;1, probabiy reéulted in sampies that were 'not
representative of the.treataent process. o

Alkalinffy concentrations (mg/L as CaCO,) are recorded *
for all'treafment‘coﬁditions prior to incubation.
Alkalinities géneragly ranged fﬁpm 900;to 1,200 m§7L.
Although these concentrations appear lqw according to
Figure 3.2, methane production was not adversely affeéfed.

* This can be explained by examining alkalinity data for Alum .
Experiment\Rg (Figures 5.1 and 5.2). Alkalinity
concentrations increased.AO to 60%_fo: all treafmedt

-‘conditions within 14 days of incuba}ion (Figuré 5.1). At no
time weré”ény decreases observed for the duratién of-thé |
incn%ation period. |

AFigure 5.2 shows the results for all treatment
conditions in Experiment R6 with the alkalinity supplement ¢ J
Alkalinity concentrations initially ranged from 2,650 to
2,750 mg/L. Again, within 14 days the concentrations

increased approximately 20% and did not decrease for the

duration of the incubation period:
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The increasésw%n,alkplinit& dufing incubation may, in
~part, have originated ffgm the piological degradation of
organic nitrogen materiais, as was discussed in section
3.2.2.1. This can be demonstrated byAcompéring the measured
aikalinity concentrations with methane production

(per -g/L VS) in Alum Experiment R6 (Figures 5.1 and 5.13)
and Alum Experiment R6 with the alkalinity supplément
(Figures 5.2 and 5.14). The increases in alkalinity
coiﬁcides-with the increases in methéne-production in the
earl&‘stages of incubation (i.e. increased alkalinity
préduction corresponds to an increasing.dégreeﬂof volatiie
solidé destruction). Alkalinity concentrations theh level
out similar to tﬁe methane production curves. By this time
the majority of thelsubstrate has been digested aﬁdxlit¥le
alkalinity is being producéd or utilized in a buffering
capacity. Theoretical calculations on alkallnlty productlon
- from ammonla released during catabollsm of organic n1trogen
materlals for Alum Experiment R6 are presented in

Appendix I.

The presence of aluminum did~not‘have any advérse‘;
effects on alkalinity production for all treatment

I~

conditions tested in Alum Experiment R6 because no decreases
were observed;'This'contradicfs work performed b; Gossett et "
al. (1978) where lower alkalinity concentrationsfwege ;
observed for higher alum dosages. However itfs%duld'be'goteé
that G?;sett et al. performed sgmifcontinuoﬁsfdigéstion

experiments while akl bioassays for this work were. batch
] . \ . . . . -

1

(/ ~
. /
N

S

-~
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experiments.
6.2 Bioassays
U

6.2.1 Alum Experiments

Batch digestion of culture containing aluminum
precipitated sludge show decreasing methane production, on a
"per mass of volatile‘solids loadiﬁg" basis (Figures 5.3,
5.5, 5.7, 5.11, ana"5;34). The observed methane
concentrations in the serum bottle heédspace decreased with
increasing aluminum concentrations s;ggestisg that the
decreased methane production occurred from the presence of
aluminum. Most of the activity (subétra;e metabolism and .
methane p;oduction) occurred during the first 14 to 21 days
*of in%pbation. This is observed by the ﬁharp increasés.in
methane concentrations (e.g. Figures 5.3 and 5.5). A trend
develobed betwéen'methané cogcentrations and the levels of
aluminum present dﬁring this period (i.e. a reduced level of
methane production for a given aluminum concentration).
After 21 days ;f incubation the trend remained "consistent”
élthough qino:‘increases in methane concentrations were
observed for all treatment conditions (Figures 5.5, 5.7,
and 5.13). This suggests that some activity was still
occurring at a very low rate, however the nature of the
effect tﬁat aluminum had on methane production did not

lessen for the total incubation period (55 to 60 days).
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Hypothesis proposed to explain the nature of the effect
chemical coagulants have on the anaerobic digestion process
include (Gossett et al., 1979):

1. chemical coagulant toxicity;

2. changes in sludge organic composition induced by
coagulation; "
.- 3. phosphorus limitatioq; and
4. interference witH'enzymatic hydrolysis (discussed in
section 3.3.2). - . ' .
Another mechanism that may affect‘digestion bf the aluminum
precipitated sludge is the.presence of sulphates (SO.').
1. Chemical coagulant toxicity.

Results of the batch digestion experiments with
aluminum precipitated sludge do not support the theory of
aluminum exhibitihg toxic effects on the anaefobic |
microorganisms. The sudden introduction of large
concehtrations of aluminum to the anaerobic bacteria should
produce immediate adverse effects if the aluminum is toxic.
" This did not appear to be evidént as cultures containing
110, 108, and 144 mg/L Al (Figures 5.5, 5.7, and 5.11
~respectively) produéed methahe at approximately the same
rate as the control cultures in the firsf 3 to 5 days of
incubation in each bioassay. This is demonstrated by the
similar slopes in methane production rates for each culture.
2. Changes in sludge organic composition.

Chemical coa;ﬁlation‘aids in the removal of colloidal

materials from wastewater. A decrease in the
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biodegradability of organics might be observed if the
colloidal materials were less biodegradable than the
settleable organic solids.

The volatile solids loading for each treatment

“condition in Alum Experiment R6 reflects the'§ffect of’added

' colloidal materials om alum coagulation, al%ng with the
settleable organitliszzibﬁ’T6;BT€/§T§7T\Rggall from -

section 4.1, that Euring sludge preparétioﬁ(the,aluminum :

precipitated/égLiVated sludge sampies for afl treatment

conditions wére'adjusted to the same settled sludge volume

by\rémbv%ng/an_equivélent‘amount of supernatant from each

'cyliqder. The net result was thaf;the volume of sludge in

each cylinder contained the typical settleable fraction of '

organics, plhs any additional colloidal organics the given

dose of alum coagulated from the activated sludge. This

amount of additional colloidal organics is reflected in

| Table 5.9 (taking into account the contribution of organics
from the anaerobic seed sludge). The volatile solids loading

for the culture contai;i;§;110 mg/L of Al was approxiﬁately

5% greater than the volatile solids loading in the centrol
cultiire. It does not seem likély that this marginal increase

in volatile organics (from additiénai colloidal materials)

could "fully" account for the observed difference in %CH,
per»g/L VS between the culture containing 110 mg/L Al and

‘the control (Figure'5.13). Findings by Gossett et al. (1979)

support this statement. However, it may be possible that

these effects act in addition to the_other mechanism(s) to <::
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produce the overall adverse effect. . R

3. Phosphorus limitation. o

When anaerobic microorganisms’ tslease4“j
phosphates (PO") durzng decomp051t10n.o£_prgan.c phosphorus
X . \\"
v \\4’ \
compounds, prec1p1tat10n reactlQPs are k1ke;y to occur

— Y . \\2
between chem1ca1 coagulants, and the orthophosphate anlons.

This phenomenom could be occ;rr1ng in the culture bottles
thg;eﬁy\limiting.the microorganisms of the hutritionally
essential phosphorus. Gossett et al., (1979) reported that
the possible effects caﬁsed by pﬁosphorus iimitation could
not "fully"naccount for the observed chemicai coagulant
effects on anaerobic digestion. Howeveﬁ phosphorus
“limitation cannot be ruled out completely and it may be
p05551b1e that these effects act in addltlon to other
mechanlsm(s) to produce the overall adverse effect.

4. Interference with enzymatic hydrolyﬁis. ‘

The chemical coégulation process may render volatile
solids less accessible and/or léss,reactivé to the
extracellular enzymes 6f°tﬁe acid forming bacteria during
the digestion process (the physical exclusion phenomenom
discussed in section 3.3.2). This mechanism might allow the
acid forming bacteria to metabolize the organics that were‘
unaffected during the coagulation process, but it would
prevent or retard any metabblismvbf the organics that'were
-affected (by ‘physical exclusion). The chemical coagulant

floc that. forms durihg coagdlation may ﬁrovidé an effective .

barrier to the extracellular enzymes of the acid forming
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bacteria during digestion (Gossett et al 1979).° fhe extent
or degree to which the organics are phys1cally excluded from_
being metabolized by the acid forming bacteria would be
apparent during the latter stages of incubation. The control
culture should have e greater amount of organics
metabolized, and therefore, show a higher methane
concenttatiohathan the alum dosed'cultures nea: the end of
the incubation period. The methane concentration for any
given treatment condition was "consistently"” below the
control after 21 days of incubation.(Figures 5.3, 5.5, '
~and 5.7). This strongly suggests that a reduced'degree of
substrate digestion was eccu;ring for the alum dosed
cultures. : - « e

The duration of the incubation period (55 to 60 days)
did not appear to be long enough for the bioassays to
determtne if the physical exclusion.phenomenou could-
eventually halt methane production in the dosed. cultures.
Methane concentrations for all treatment conditions ih'the
bioassays. did not completely level off et any time. However,
the methane concentratien for any giéen alum dosed culture
was "consistently” below that of the centtoi. The~fect.thatA
methane concentrations from the alum dosed\cultures gid not
1ncrease over time with respect to the control supports the
phy51cal exclu51on phenomenum. ) .
‘5. The presence of sulphates (SO%');

Alum‘coagulation’ot wastewvater increases the sulphate

concentration (see section 3.1.1) and, along with sulphates
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originaily preSent in the uUntreated wastewater,jmay affect.
"sqbsequent anaerobic digestion.
A manner 'in which sulphates can exhibit inhibition pf

L4

methane formation is as a result of‘a species gogpositibnai
change (Zeikus, J979).‘Sulphate-redpcing’bacteria;appe;; to
~compete ﬁore;effectively fo;'hydrégen gas and écetate_than
the methanogenic bacteria iﬁ_the présence of"high suléhate_
concentrations. This condition increases the |
sulphate-reducing population at the expense of the
methanogenic,bacﬁeriaﬁ As a result, increased H,S production
and deéreaséd‘CH. férmq%ion can occur. B

The possibility of suiphqtes being a precurﬁbr to
soluble sulphide toxicity may also adversely afféct i
subséquent ahaerdbic digesﬁion (Lawrence et al., 1964).
Concentrations of éoluble-sulphide (S’;) greafer phan
100 mg;i have been réportéd to cause moderate inhibition in
digesters (McCarty, 1964b). Calculated soluble éulphide
cohcentrations from addition of the highest alum dose
(2,000 mg to 2 L of activated sludge;.see T;ble-4‘f) Eould'-
be as ‘high as 50 to 80 mg/L (see Appendix V). The combined’
~effect of this concentfation of soluble'sulphide.anéjsoluble
sulphide conversion from sulphates originally present in- the
wastewater may be significant ehough to exert moderate
inhibition in test cultures with the ﬁighest qluminum
concentrations. 3

It would appear that the effect of sulphates may be

_important and could act in addition to the other
a .

oA
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‘mechanism(s) to produce an overall adverse effect for some'~
of the test cultures containing high aluminum
concentrations. |

Methane concentrations for all treatment conditions in .
Alum Experiment R3 with the acetate supplement ‘increased |
very rapidly in the first few days of incubation‘
(Figure 5.8). The acetate ut1llz1ng methanogens appeared 0
readlly consume the acetate supplement during this period in
all cultures. The trend in methane production for this
bioassay was different compared to the charagteristic trends
observed in the other alum bioassays. Cultures dosed with
alum showed rapid onset of a differential in methane -
concentrations compared to the control. This was not
' observed in the other alum biocassays (e.g. Figure 5.3, 5.5,
an’d 5.7). |

Batch digestion results for sludge obtained from the
treatment plant where alum addltlon is practiced
(Bonnybrook) are shown in Figure 5.12 (Alum Experim nt RS).
Methane concentrations, on a per mass of volatlle sol1ds K
loading™ ba51s, were similar for all treatment condltlons
for the whole incubation period. These methane
concentratlons were low compared to values observed for e
'other alum biocassays (e g. Figure 5.3). The control culture‘
in Alum Experlment RS cannot be con51dered a "control" in
the same sense as in the other b1oassays to which "teat
cultures” dosed with alum were compared to assess the

effects of alumznum The low methane productlon from the
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control (already containing 647 mg/L Al) probably suggests
that the mechanism(s)!respoﬁsible for the adverse effects
continues-to increase in severity from the aluminum

concentrations tested in the other alum bioassays to the'’

>

concentrations tested in this bioassay. The fact that the
observed métﬁane concentrations for all treatment conditions
in Alum Experiment R5 did not d{ffer significantly suggests
a plsieau éffeCt was occUrring (with respect fo the nature
of the chémical effect) at the high aluminum con;entrations
tested (647 to 806 mg/L Al). Thé "true" magnitude of the
adverse chemical effect at which the plateau effect was

observed is -unkpown. .

6.2.2 Ferric Chloride Experiments ' -

\\\\‘/,m\,/f’Batch digestion of cultures containing iron

\ ' . _
precipitated slvine showed conditions of decreased methane

productioh, on a "per mass of volatile solids yoadiné“
Sasis, however no co#sistént trends were obser—=¢ with
‘incféas}ﬁé iron c'ncentrations. (Figures 5.4, 5.6, and 5.9).
Methane concentrations fof.éll treatment conditions in
*?e;£ic Chloride Experiment R3 with the gggtate suppiément
increased‘fapidly in the earlf stages of inpubation (similar
ﬁo the alum bioassay with'tﬁe acetate supplement) (Figure
5.10). Only irontconcentrations greater than 176 mg/L were

L~ .
shown to cause significant adverse effects in methane

production (P < 0.0Sfi_IQs\:;jgﬁnce by Speece (1983) that
iron is a necessary trace D rient for acetate utilizing
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methanogens suggests that these organisms may have
considerable tolerance to iron. Iron‘concentrations of

36 and 98 mg/L- did not produce any significant adverse

.effects in methane production. .

6.3 Coagulant Dose Methane Response Relationship
6.3.1 Alum Experiments ‘ N

The significaﬁce tests that were performed ‘on methane
éeneration from the alum biocassays demonstrated a lineaf
relationship maf exist between aluminum concentrations and
methane prod?ction (Table 5.10). Methane géneratibn

decreased consistently for increasing aluminum

concentrations (e.g. Figures-5.15, 5.19, 5.23, 5.24, and

'5.25). Overall this effect was observed for increasing

aluminum Eoncentrations up to 144 mg/Li(Figure 5.23).
B 4 . )

Although the-significahce tests were performed assuming
o .

a linear relationship, some of the relationships were

non-linear (Figure§°5.17 and 5.20)/rThe slopes of the linear
relationships differed for each bioassay also. The nature of
the methane géneration relationghip observed (i.e. linear‘qr -
non-linear) and the variability in slopes 6f'thq linear

.
[\

relationships can best be attributed to the physical

~exclusion phenomenum discussed in section 6.2.1. Different

’

settling characteristics®were observed for e;shftregtmeqt

<

condition during sfudde preparation. This was probably due

or nature of the floc that formed during the




actual(ggagulatidn process. Since the nature of the floc
format}on taking place during the coagulation process can
result in different types of floc\being formed, it could
affect the degree to which the organics 1§e less accessible
to enzymatic hydroly51s by the ac1d forming bacteria.
Settling characterlstlcs such as pin point floc were
observed in some experiments and not in others for the same
cdncentration of alum added during sludge preparation. These
different sethling characteristics (attributed to the
‘characteris%ic floc formation) may help explain the
" differences in methane generation observed in various
Rioassays for treatment conditions containing similar
aluminum.concentraﬁions. It would also help to-e#plain the
nature of the relationship and variability in the slopes of
»thevlinear relationships.
The types of floc formation that result in erganics
being "tied up" to a greater degree during coagulation, and
- therefore "less accessible" to the anaerobic mic;oofganisms~\\
during digestion, may explain the reduced methane generatipn‘
observed at the higher alum dosages. Greater amounta of floc
//;;;ma;;en occur/at these dosages ana the extent to which the

[ N
-organics ar

"tied up" %s likely to be greater than at the
‘lower alUm dosages. As a result, less methane formation ;
might ve observed in the cultures contalnlng greater amounts
of alumlnum because less organlcs are readily acce551ble ,to

the ac1d,form1ng bacteria. | !
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ﬁethane generation for the acetate supplemented
cultures (Flgure 5.20) reflects the differential in methane ’
production between the cultures dosed with alum and the
control culture, as was discussed in section 6.2.
Comparisons of methane generation for the alum dosed
cultures with and without the acetate supplement suggest
that aluminum affected the acetate utilizing methanogens in
an inconsistent manner (Table 5.12). Treatment conditibns
eontaining 33 and 66 mg/L Al had lower methane generation
for the acetate enriched cultures than for the cultures

“

without acetate. This observation was reversed at higher Al
concentrations (108.mg/L). An analysis was perfgrmed on data
from the last day of the bioassay (day 65) to estimate
methane production from conversion of tpe acetate supplement
only'(Appendfx VI). The expected methanejbolhmesoare

compared to the measured volumes in Tag{;76%1. No major
differences were evident with the expected and meesured
volumes. The fact that no dramatic differences were observed
in the measured methane volumés for all treatment conditions ;
~indicates that most of the supplement was prebably ,/
metabolized by the acetate utilizin methanogens. This ™~
suggests that aluminum probably did not adversely affect the
acetate utilizing methanogens. This supports the findings of

Gossett et al., (1979) that the nature of the chemical.,

effect occurs with the non- methanogens.
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Table 6.1 Methane Production From Acetate Supplement

Alum. Experiment R3
(see Appendix VI)

ALUM _ \ MEASURED
EXP. Al VOLUME
R3 (mg/L) CH, (mL)
CONT. 20 | 9.0

11 33 - 8.1

v 60 . 8.2

VI 85 . 10.1
VIII

108 9.9

EXPECTED

9.4

VOLUME
CH, (mL)
9.8

9.2

9.5

9.8 '+

99
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5.3.2'Ferric Chloride Experiments

The significance testsythat were performed on methane
generation éata from the bioaséays did not conclusively
demonstrate a linear iron ddse methane response relationship
(Table 5.11). Ferric Chloride Expefiments R1, R2, and R3
demonstrated reduced methane generation for cultures dosed
witﬁ ferric chloride, however.thé magnitﬁge of the effect
did not increase with increasing iron concentrations up to
770 mg/L’(Figures 5.16, 5.18 énd”5.21). A line with 0 Slope
would fit the data well in Figures 5.18 and 5.21 for the
cultures dosed with feric chloride (i.e. excluding the

control).
&

Similar to the alum experiments, the different settling
‘characteristics that were observed for each treatment
condition during sludée preparation (due to different types
of floc formation) could help e%plain tFe vatiabilitf'in
observed methane generation for the ferric chloride
bioassays.

| Methane generation for the ferric ¢hloride dosed
cultures that were supplémented with acetate .were better
than for the cultures without acetate (Table 5.13).
Treatment>conditions containing 36, 98, and 176 mg/L Fe
respectively had higher methane generation for the acetate
supplemented cultures.‘Aq anélysis, identical to what was
performed for Alum\Experiment R3 enriched with acetate, will
estimate methane prbduction from the acetate ‘supplement for

~
" the ferric chloride expgrimen%. The calculated methane
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volumes are compared to the measured volumes in Table 6.2.
The fact that the measured methane vo?umes for all treatment
cond1t1ons dosed with ferr1c chlor1de \were consistently °
aboye the volume for control indicates\¢hat most, if not
all, of the ecetate §Upplement_vas metabolized by the
acetate methanogens; This suégests that Fhe presence of iron
i

did not édversely affect ;he“performancelof the acetate

utilizing methanogens.
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Table 6.2 Methane Production From Acetate Supplement
! JFerric Chloride Experiment R3 '
(see Appendix VI)

FERRIC | . | . MEASURED EXPECTED
CHLORIDE Fe VOLUME VOLUME
EXP. R3 (mg/L) CH, (mL) CHy (mL)
CONT. 8 8.5 10.1

11 | 36 9.8 | 10.1

1v 98 | 10.4 10.0

VI 176 9.7 - 10.1

VIII 364 10.0 9.5



7. CONCLUS IONS

Alum addition to wastewate;'produced sludge that, wheﬁ
batch digested anaerobically, demonstrated reduced methane
production. The magnitude of the adverse effects on methane
production increased with increasing aluminum concentrations
up to 144 mg/L. The.type or nature of chemical floc that
forms during the actual coagulation process may play an
“important role in influencing the magnitude of the adverse
effects during digestion. The nature of the chemical effect
appeared to limit the extent or degree to which the
anaerobic microorganisms were able to metabolize the organic
wastes and appeared to occur with the non-methanogenic
species. |

Ferric chloride addition to ﬂgstewater produced sludge
that, when batch digested anaerobically, demonstrated
reduced methane production, however the magnipude of the
‘adverse effects did not increase with increasing iron
concentrations up to 770 mg}L. The natufe of the chemical

effect appeared to occur with the non-methanogenic species.

-7
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APPENDIX I Alkalinity Data for Alum Experiment R6
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Day O

CONTROL 990

1. 960
v 1,040
VI 1,080

 v111 1,120

CONTROL+ 2,630 .

11+ 2,630
v+ . 2,670

vi+ 2,700
Viirs 2,740

+ Tréatment conditions with alkalihity supp

NOTE: All concentration

~
4

e

/

Pable I.1 Alum Experiment R6

4

ALKALINITY DATA

Day 14
1,390
1,440
1,500
1,650
1;700‘

3,090
3,070
3,240
3,310:

3,340

’ f

!

Day 28
1,450
1,460
1,600
1,680
1,820
3,140
3,190
3,300

Day 42
1,480
1,490
1,610
1,720
- 1,840

<

3,210
3,190
3,270

3,370 3,400

3,460

~

s are mg/L as CaCO,.

Day 56
1,480
1,470
1,610
1,710

1,830

3,180

" 3,170

3,310
3,860

3,510

109



Alkalinity Increases in Alum Experiment R6

- The observed alkalinity increases (difference in
alkallnlty levels between day 56 and day 0 from Table I1.1)
are presented below. Also shown below is the associated
NH,;-N assumlng the increased alkalinity orlglnated from
ammonia released. from catabolism of organic nitroc -
materials aecording to the:equaiion (Gossett et al.,1978):

NH; + CO, & HCO3; + NH:.
‘Nﬁ3-N Valuee were calculated by multiplying the bicarboﬁate
alkalinity concentrations by 14/50.

ALKALINITY NH,-N

(mg/L as CaCOj) (mg/L) '
CONTROL - 490 , ei .137
1 "~ 510 143

Iy o | 570 160 —

L4

VI . 630 176
VIII o 710" 3 199
. CONTROL+ 550 | | 154
I1+ 540 151
Iv+ . 640 179
vI+ ' 660 - 185
Cviize o o 770+ . 216

o
i

+ Treatment -conditions with added alkalinity.
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An appfoximate estimate of the nitrogen component in
activaﬁéa\sludge'without chemical addition is 5% by weight
dry total solids (expresgea as N) (EPA, 1979).GThis estimate
decreases for activated'sludge treated with alum due to the
increased fixed solids (non-volitile) from Al(OH),, however
thé‘pefcent\nitrogen component'expressed as a ratio with the
volatile solids should not change dramatically. An estimate
of the nitrogen component (as N) in the culture bottles can
be Ealculated as follows (assuming.the sludge in the culture
bottles are primarily activated sludge): |

The. ¥nitrogen component (expfessed as a ratio with

volatile solids) in the control is =

4

{5% * Total solids (mg/L)}/{Volatile solids (mg/L)} =.
{5% *°2,810 mg/L}/{1,870 mg/L} = 7.5%;

(see Table 5.9 for total solids and volatile solids
concentrations), T

Assuming the ratio 7.5% N/volatile solids remains
consistent: for all tigatment conditions, it is possiblg to

estimate the NH,-N component. (refer to next page):
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vs - » NH,-N
| “(mg/L); ‘ (mg/L)?

%ONT. - 1,870 f 140
11 1,880 141
Iv ‘ 1,930 145
VI . 1,940 | 145
VIII '.1,960 147
CONT. + | 1,870 | 140
e 1,880 | 141
o+ 1,930 145
VI + ' 1,980 145
VIII + - 1,960 a7

! Volatlle solids from Table 5.9.
2 7.5% % VS (mg/L).

+ Treatment conditions with added afiglinity.

- -

By comparihg the ammonia associated concentrations from the
observed alkalinity increases with the theoretical ammonia
nitrogen concentrations originating from degradation of
volaﬁile solids, the increases in‘alkalinity could |
reasonably be attributed to catabolism of érganic nitrogen

materials. Other constituents such as borates, phosphates,

and silicates (if they are present) may contribute to

- measured alkalinity values (APHA, 1980) and could have

accounted for some of the variability in the measured

values.

—
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Table III.1 Alum Experiment R1 METHANE GENERATION

DAY 25 DAY 39 DAY 55

Al A B A B A B

(mg/L) ' ’
CONT. 22 7.39 100 7.98 100 8.81 100
1 24 7.31 99 - 7.80 98 8.59 98
u e 70 6 7.59 . 95 8.32 97
111 52 6.77 92 " 7.11 89 7.95 90
v 62 6.71 91 7.09 89  8.01 91
v 69 6.50 88 7.00 88 7.89 90
VI 78 6.22 84 6.76 85 7.61 86
vII 87  5.91 80 6.42. 81 7.30 83
vil1 94  5.67 77 5.92 74 6.73 76
X 110 5.45 74 5.65 71 6.29 71
A = % methane per g/L vblatile solids (from Table II.1).

B = Methane generation (% of control).
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Table III.2 Ferric Chloride Experiment R1 METHANE GENERATION

CONT.

VI
VII
VIII

IX

Fe
(mg/L)

9

31
56
120
153
211
246
354
622
770

Methane generation (% of control).

6.97
6.57
6.94

5.87
5.81

DAY 23

B

100

99
93
98
96
92

78

76
83
82

DO O O M N N N NN

‘DAY 37

.51
.18
.28
.15
.12

.77
.89

B

100
100
%
100
97
93
82
81
90
92

’

A

NN N NN 0O 0N 0o om

% methane per g/L volatile solids (from

DAY 55
B

.33 100
47 102
.99 96
41 101
19 98
.96 96
.24 87
16 86
62 91
.89 95

Table 1I1.2).
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Table III.3 Alum Experiment R2 METHANE GENERATION

CONT.

I(a)
I(b)
I1(a)
11(b)
-111(;)
111(b)

v

Al
(mg/L)

20
19
30
30
43

. 44

71
78
87

110

7.98
7.74
7.41
7.48
6.83

6.87
6.92

6.85

'7.20

Sy

7.10

DAY 23
B
100
97
93
94
86
86

87
86
90
89

A

9.
8

8
8
7
7.
7
7
7
7

06
.78
.17
.38

69
87
50
65

.99
.85

DAY 37
B

100

97
90
92

85
87
83
84
88

- 87

A

@ ® N N ® © ® ® © ©

% methane per g/L volatile solids (from

Methane generation (% of control).

DAY 55
B

41 100
A1 97
.60 91
.67 92
19 87
19 87
.97 85
88 84
.30 88
.28 88

Table I1I1.3).
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f?'];able I11.4 Ferric Chloride Experiment R2 METHANE GENERATION

DAY 29 DAY 43 DAY 55

Fe A B A ‘B A B

(mg/L) . :
CONT. 7 8.32 100 9.18 100  9.50 100
0 7 8.43 101 9.16 100  9.64 101
11(a) 36 7.63 92 8.27 90 8.64 91
11(b) 32 7.47 90 8.24 90 8.45 89
111(a) 69  7.49 90 8.17 89 8.40 88
111(b) 75 7.58 91 8.39 91 8.75 92
v(a) 103 7.54 91 . 8.22 90 8.80 93
() 100 7.5 91 8.45 92 8.75 92
v(a) 161  7.52 90 8.07 88 .8.67 91
v(b) 157 7.55 91 8.36 91 8.81 93
vVi(a) 250 7.25 g7 8.10 88 8.41 89
Vi(b) 244 7.30 88 8.1 88 8.56 90
A = % methane per g/L volatile solids (from Table I1I1.4).

B = Methane generation (% of control).



- CONT.

I .
v
VI

VIII

L

Table II1.5 Alum Experiment R3 METHANE GENERATION

Al
(mg/L)

20
33
>
85
108

A

8.30
8.03

7.43
6.98

6.65

DAY 25
B
100
97
90
84

A

8.77
8.63

8.07
' 7.43
7.03

DAY 39

B

100
98
92
85
80

~

- A

DAY 55
B
9.46 100
9.10 96
8.60 91
7.97 84
81

7.67
{

145

% methane per g/L volatile solids (from Table II.5).

Methane/generation (¥ of control).
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Table III.6 Alum Experiment R3 With Acetate Supplement
METHANE GENERATION o

A}

DAY 25 DAY 39 DAY 55
Al A B A B A 7 B
(mg/L) o
CONT. 20  12.15 100  12.90 100 13.08 100
11 33 10.70 88 11.33 88 11.58 89
v 60 10.40 86  11.23 87 11.25 86
VI 85 10.04 83 10.80 84 11.23 86
ViIl 108 9.94 82 10.66 83 11.13 85°
ENY
A'f % methane per g/L volatile solids (from Table 11.6). -

B = Methane generation (% of control).
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‘DAY 25 DAY 41 DAY 55

fe A B A B A B
| (mg/L) : .
© cont. 8 - 8.81  100. 9.27 . 100 9.70 - 100
11 36 7.90 90 8.37 9%  8.89 92
v 98 7.70 &7 8.09 87 8.88 92
v 176 7.64 8  7.76 . 84 . 8.63 89
Vi 364 7.75 88  8.14 88 8.67 89
“LA = ‘% methane per g/L volatile solids (from Table 11.7).

B = .Methane'generation (% of control).
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Table III.8 Ferric Chloride Experiment R3 With Acetate

CONT.
II

v

VI

Supplement -
METHANE GENERATION

DAY 25 DAY41 DAY 55

’_Fe A B A B A B
(mg/L) ‘ - : ,

8 13.09 100 13.46 100 ~ 13.38. 100
36 12.60 . 96 12.94 96 13.24 99
98 12.97 95 12.76 95 13.40 100
176 12.26 94 12.22 91 12.72 95

364 11.44 8  11.65 86 12.12 91

% methane per g/L volatile solids (from Table 1I1.8).

-

Methane generation (% of control).



' CONT.

Il
I11
IV
V.
VIl
VIII

IX

Al
- (mg/L)

16
‘28
39
56
67
90_
118
144

' DAY 22

A

7.95

7.82
7.79

7 .65
7.57
7.15
6.68
6.83

B

100
98
98
96

2R 8 8

-DAY. 38

A B
8.73 . 100
8.37 96
8.22 94
8.4 96
7.88 90
7.58 87
7.34 84
80 .

6.99

. DAY 55
A B
9.49 100
9.09 96
8.92 94
8.97 * 95
8.66 . 91
8.35 88
8.02 85
7.80 82

149

 Table III1.9 Alum Experiment R4 METHANE GENERATION

% methane per g/bL volatile solids (from Table I1I.9).

.Methane generation (% of control).
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\

Table III1.10 Alum Experiment R6 METHANE GENERATION

L*» o " DAY 27 DAY 40 B DAY 55
., Al A B A B A B
LA - X
CONT.}1.:10  9.46 100  10.29 100 10.85 100
1Y 21 7 929 98 1007 98 10.71 “99
v - 47 8.62 91 9.49 92 . 10:22° 94
vi. ' 80 867 92  9.53 93  10.09 98
i1y . 110 7.63 81 8.55 83  9.15 84
/ ,’il‘;;‘[ ‘. . . :
A = % met?énevper g/L volatile solids (from Table
.- IT.11). Co o :

B = “Methang generation (% of control). .

N "7‘1’" : .
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Table III 11 Alum Experiment R6 Wlth Alkal1n1ty Supplement

CONT.

II

IV

VI

VI

21 9.10 - 95 9.85 94
47 848 89  9.35° &9 9.34 .
80 “8.17 85 .8.99 86 9. 18‘

10 . 7.68. 81 8.3 80 8. 89

METHANE GFENERATION

DAY 27 DAY 40 ‘DAY
al A B A B A
(mg/L)“ ' T [T
fﬁk

10 + 9.54 100  10.48, 100 . 10. 78

~

% methane ‘per g/L volatile solids. ffrom Table
.12). , &3
Methane generatlon (% of control)
ot I_
’ N T L
'!n- ‘ 1’;1)

55

7ooﬁﬁff’

10.27.5.95 .
'37“

85

82 -



APPENDIX IV Test For Significance on Coagulant

Dose - Methane‘Resﬁonse Relationship
: S0
The’fegression equation is'represenLed by:
Y = ﬁo + B4X where ae
e - e

Y =="met:hane generatlon (% of control)
{&¢v X = coagulant dose (Al®* or Fe?*) mg/L

A ﬁ,uz slope of the regre551on eguation; and

¢“f gﬁ,!.{b$ & value of 'Y at X = 0.

,Significante test‘for Q, = 0 versus f, # J using F*

statistic for the analysis of §ariance'(ANOVA) app?%éch
(é < 0.05): ’ F‘\= M§R/MSE;lwhere ' .,
“'MSR - mean square due to regression; and

MSE = meap square due to error.

Y

Hypothes1s test: ' ‘
w Null hypothe51s, C,. ﬁ, = 0,
Alternatlve hypothe51s- Cz. B, # 0.

By
© ' : . %
e EREE S

Decision rule.

.If F 'F( 95 vy , Vz) conclude C4,

-e
o

&) .
K

ﬂ@lff‘ﬁ? >eF(,95 P VY, Va) conclude Cz, where

)

v, =, dedrees of freedom for regre551on‘mean square-'and

v, degrees of,freedom for error mean square.

C 152
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o

Alum Experiment R1

Regression Equatic

Y = 106.9 - 0.305X

ANOVA TABLE:

df Ss

REGRESSION 1 733.48
ERROR £§ 8 23.02
TOTAL _ 9 ‘756.50
daf = déérees freedom
‘SS = sum of équafés
ms = mean‘squareb= ss/dﬁ&fg
Significance Test:
C o Fr . 733.48/2.88 =

254,68
F(.95; 1, 8) = §.32

. . /
Decision: = |

/

Slnce F” > F conclude Cz (ﬁ‘ # 0) at the P < 0.05

51gn1flcance level.
T

|

/‘

i

L e L

153

"JQ’W“

‘ms
MSR -
"MSE

g
A
Pl
NE
NP .
(,} PR o7 ]
#33.48 '\
A )
2.88 :
, T i
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' Ferric Chloride Experiment R

Regréssion Equation:

Y = 96.9 - 0.016X

ANOVA TABLE:
df ss oms e S

REGRESSION 1 154.34 . MSR = 154:3¢ =
ERROR 8 311.76  MSE = 38.97 .t
TOTAL 9 " 466.10

df = degrees frgedom' . R

Ss = sum of squéres- ‘ i

ms = mean square = Ss/df

) /

SignificanceﬁTést: T ’ o . .

F(.95; 1, 8) = 5,32

; o

Decision: .

Since F* < F conclﬁde Ci (. = 0) at theL?.< 0.05

significance level.
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Alum Experiment R2

Regression Equation:

Y = 95.9 -.0.108x

ANOVA TABLE:

oF ss ms |
REGRESSION 1 103.46 o MSk = 103.46
ERROR 8 135.44 MSE = 16.93
TorAL 9 | 238.90 :
%{. df = degrees freedom |
SS = sum of squares.
ms = mean square = $s/df 4.
.Significance Test:
Pt = 103.46/16.93 = 6.11
. )F’(.9_5; 1, 8) = 5.32 - &
5 R | |
S

K

Sl Dezisibn: o |
Since F* > F_gonclude C; (B, # 0) at the P < 0.05

- N TR .
. . significance level.
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Ferric Chloride Experiment R2

Regression Equation:

Y = 95.2 - 0.031x

ANOVA TABLE:

_ ar | ss _ ms
REGRESSION 1 - 75.39 'MSR = 75.39
ERROR 10 114.61 7 MSE = 11.46
TOTAL 11  190.00 - |

df =‘degfges;freed o
ss = sum'of'squareg '
mé = mean Sqﬁare = Ss/df ;
{ | .
Significance Test:. .
F* = 75.39/11.46 = 6.58
F(.95; 1, 8) = 4.96 o o

Decision: 5
Since Ffﬂi Esconclude C, (B, # 0) at the P < 0.05

significance level.
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2
" lum Expériment R3
- _
Regression Equation: ‘ : —
Y = 104.6 - 0.233%
5 ' g
ANOVA TABLE: | e
df 85  ms
REGRESSION I B L ,284.11J _ MSR = 284.11
CERROR 3 T U .09 T MsE - 0.36
TOTAL a " 2B5.20 :
ar =-degrees‘freedom'_ o
SS = sum of squares
ms = meanISQUére'= ss/df
Slgnlflcance Test- : : ' ‘ /
| F* =*284.11/0.36 = 789.19
F(.95; 1, 3) = 10.1 s
- Decision:

Since F* > F conclude C, (ﬁ, # 0) at the P < 0.05

szgn1f1cance level.
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i . 158
Alum Experiment R3 With Acetate Supplement

Regression Equation:

Y = 97.8 - 0.156X
"ANOVA TABLE:

O
ar ss . ms
REGRESSION 1 . 128.43 MSR = 128.43
ERROR 3 60.37  MSE = 20.12
TOTAL 4 - 188.80 "
. df = degrees freedom
Ss = sum of squares
mS = mean square = Ss/df R

Significance Test:

A
]

YF* = 128.43/20.12 = 6.38
F(.95; 1, 3) = 10.1

Decision: ﬂ
Since F* < F conclude C{ (8, = 0) at the P < 0,05

significance level.

3
el il
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Ferric Chloride Experiment R3
|

Regression Equation:

Y = 94.2 - 0.024X

" ANOVA TABLE:

df ' ~ ss - ms

-REGRESSION 1 : 45.28 ~ MSR = 45.28
ERROR 3 ‘ - 64.92 E = 21.57
TOTAL 4 . 110.00 B

df = degrees fréedom

. 8s = sum of squares

ms = mean square = ss/df
Significance Test: ’

F* =45,28/21.57 = 2.10

F(.95; 1, 3) = 10.1
Decision:

,Since F* < F conclude C, (8, - 0) at the P < 0.05

Y

significance level.
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Ferric Chloride Experiment R3 With Acetate Supplement

Regression Equation:

Y =

"ANOVA TABLE:

~

o

REGRESSION

ERROR
TOTAL
 ofls
\ 'ss =
ms =
) ;?;:?ffcance
F* =

F(.95; 1, 3) =

Decision:

. Since'F'

a

S

99.3 - 0.032X

-df
1

3

4

degrees freedom

SS
82.525
3.475
86.000

AV

sum of squares

mean square

Ry

Test s

82.525, ..158

> F éonclude

si%(icanée level.

10.

ss/df

71.27

ms

' MSR

MSE

Cz (ﬁ1 # 0) at the p.<-0105_

)
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Alum Experiment R4

'Regression Equation:

Y = 101.2 - 0.136X

ANOVA TABLE:

df | Ss

REGRESSION 1 | 250,42
ERROR 6 o c.08
TOTAL 7 | 267.50
'df = degrees freedom .
o . ss = sum of squares 4i ;
: ms = meangéquapi.= ss/df

Significance Test:

F* = 259.42/1.35 = 192.16

. F(.95; 1, 6) = 5,99

Decision:

Since F* > F_cqnclude C, (B, # O) at the P < 0.05
siénifitdnce'level; | \

vz R - afl g

. T T e ) R



~ Alum Experiment R6
&Regression Equatiqn:

fy .
’ Y = 101.2 - 0.153X

ANOVA TABLE:

dar - ss

REGRESSION 1. 160.74
ERROR 3 - - 15.%
TOTA! 4. | 176.00

df = degrees fréedom .

Ss = sum of squares

ms = mean square = Ss5/df

F'Significaﬁce'Test:
F* = 160.74/5.09 = 31.58

\
F(.95; 1, 3) = 10.1

- Decision:

162

/
ms. )
MSR = 160.74
MSE = 5.09

Slnce F* > F conclude Cz (ﬁ, # 0) at the P < 0. 05

51gn1f1cance level.

) d{_,ny,"_ .
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Alum Experiment R6 With Alkalinity Supplement
Regression Equation:
Y = 99.3 - 0.174X
ANQVA'TABLE:
‘ ar _ SSs | ms
REGRESSION 1  208.80  MSR = 208.80
‘" ERROR . 3 17.20 'MSE = 5.73
g..?« TOTAL g _, 226.00
‘  rdf $fdegrees freedom
Ss = sum of squares
o
' ms = mean square =.SS/df
Significance Test:
F* = 208.80/5.73 = 36.44

F(.95; 1, 3) = 10.1

- Decision:
Since' F* > F conclude C; (B, # 0) at the P < 0.05

significance level.

Cog
224



APPENDIX V  Sulphates as a Precursor to Soluble Sulvrhide

Toxicity .

The effects of sulphide (S’ U on anaeroblc dlgestlon
with respect to the alum bloassars are dlscussed Lawrence
et al. (19§4) irdicates that soluble sulphldevconcentrations’
greater than‘200 mg/L exert severe-toxic effects upon'the .
anaerobic dlgestlon process (i.e. complete cessat1on of .gas
productlon),wwhlle concentrat1ons less than 200 mg/L do not

| 51gn1f1cantly affect the process.(McCarty (1964b) indicates:
‘that soluble sulphide concentrations greater than 100 mg/L
can cause moderate 1nh1b1t1on in anaerobic d1gest10n (see

Table 3.3). e
: ,
Sulphldes in anaerob1c dlgesters can occur from

(Lawrence et al.,1964) . , ,

1. sulphides present in the raw waste; .

ag
& C

» 2. anaerobic protein degradation; ~nd L
. 3. sulphates and other-sulpher'cbntainin%‘inorganic

compounds. T .

The first two sources are generally smallcng e
[ a ‘ "

The hlghest dosage of alum: added to, activated sludge'

R
i

was 2,000 mg to 2 L. (equ1valent dosage of 1 000 mg/L; see.

Table 4.1). The reactions oﬁ 1nterest of alum ﬁ1th
—_— £
‘phosphates and alkal1n1ty are (sectlon 3. 1 )

Al (SO, )3-18H20 + 2P0}~ « 2AlPO.* + 3SO"'4 IBHzO and

1

E Al (SO.)3-18H o+ GHC03 L 2Al(OH) + o+ %SO" + 6COz

v

+ 18 H,O0.
Three moles.of sulphate (S0i-) are generatéﬁ (assuming- )
" 164 Y SO




P13

-

oof 1,000 mg/L is (assumlng complete conwers1on)"

8H* ;'Se‘ + SO’f *(sulphate reduc1ng oacterla)» Szikf 4H O

R 11

“rcomplete conver51on) from each.mole of alumlnum sulphate -

‘(from both react1ons) The concentratlon of sulphates 1n°the
i

,.act1vated sludge sample rece1v1ng an equ1valent alum dosage

a.

f(1 000 mg/L)/(g - mole welght of alum)} * 3 =
{a, ooo mg/L)/((666 42 g/mole)(1 000 mg/g))} * 3

3

=0, 0045 moles/L co
V‘MThe reductlon of sulphates to‘sulph1de under anaeroblc
condltlons may be expressed by the ° “owing equatlon _%"
(Lawrence et al. 12§4)a o o

o

. 4

) g . :‘lt';i,

sulphlde concentratlons. c LT - AT

@Ry - - K4 B P

@

organlc matte{ *(anaeroblc bacterla)* S"g+ H,O0 + COz.’
l,..:w FER -

L T “!L
Thls source of splph%de contr1butlon can be neglected B

because as men%?oned prev1ously, it is, small

Q;One mole of sulph1de‘w1ll be produced for each .mole of

sulphate reduced under anaeroblc condltlons assumlng

oomplete conversion. The concentratlon ‘of sulphlde 1n ‘a.
30 mL 11qu1d volume of the alum prec1p1tated sludge
(equlvalent alum dosage 1,000 mg/L). 1s.}\
(0. 0045 moles/L) * (g‘- mole welght of . S’“) = .

(0 0045 moles/L) x (32 g/mole)(1 OOOng/g) - 144 mg/L

The concentratlon of sulph1de in the serum bottle w1ll

actually be- less.vTthty mL of the- alum prec1p1tated

«7
actlvated sludge (equ1valent sulph1de concentrat1on of

144 mg/L) was d1luted with 20. mL o? other cdnst1tuents

L

y Anaeromc protem decompos1t10n w1£l also ﬁtrlbute to :Cf"-'-.é"."
i
. O

i
;1@‘ N
&)
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Yo (50 mL total l1qu1d volume° see sectlp/tl 3)" The sulphlde
N e;mratlon 1rba 50, mL 11qu1d volume sludge sample
ﬁ“l:.kflx;‘ ) | L ‘..\-
%Fraq ma/L) (0.03 1)/(0.05 L) = 86me/D.
27 mg The 86 mg/L of sulphlde in the sludge samples w111 be
e s
strlbuted in several uforms (Lawrence et al., 1954):
- - . dyy,
: 1 '
‘Jas i so uble sulphﬂ\:g‘ e )
g 2. _SOme w111 form a’ weak&acu# wﬁi‘ch 1onlze‘s 1n aqueous 5
A:? ,“~‘ . c ‘\( J. : V‘$ . :, K - . L - 5y A
L m R solut,mns, dependmg on.’ th‘ P 59'«, © R B
o . H, S xaQueous) ““@ + - HS‘ J[t '
‘ ; 3. some w111 be ccererted to H:S ‘and be present m the !
. ; ' headspace gas; anﬂ . ’.' - ,\,4& I
25 'fe . o Lis - T . .
? . 4, ‘the remalnder w111?be 1n an 1nsoluble form
- ' 9 . P " : I= .& a
" (non tox1c) dpe X ,vfheavy metel cationz,c ’ -
z- .. - “\:.'. Iy S o, L . @ ) . .. . .
& el N preczpltaj;mn Q& ilar to #Biscussion in section | g
3.2.2.4). 0 - g P R

Y- . o -
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‘|~ APPENDIX VI Acetate Conversion to Methane
”:(“}j . ‘ . . II \\ 7 w ' . A - !
Mass balances oh the- convers1on of orgaqgc carbon to
G .

CH, and COz are  based upon the st01ch1ometry of-the Buswell
equat1oh (Healy and Young, 1979):
C, H Oy *% (n - (x/Y) - (yw2))n o - .

((n/z) - (x/8) (,31,44))coz +: ((n/2) + (x/8) - (3/4)CH. .

o "Acetate is repnesenteﬂ?%&”> Gﬁ or, C H.O;. The Buswell

W 4
‘equatlon for acetate cdnver51on is represented by if

D,d}" o

. *w Yoo g B qgiﬂ a02" Coz + Cﬁu--‘4 ‘f“.fr

%f A O 5 mL llqu1d VOlume o% acetate solutlon (75 mg/mL) was-

Cogpmah,

“”_;"\added to each seru& bottle. A € - h %.v e

. T g . S TA

iy # ‘moles acetate = (0 5 mL -* 75 mg/mL)/(SO 000 mg/mole)
TR T & i LI wo e T '
' B &‘u 000625 '" e o T
. W ) kb . (\}g’q}( R v J‘ . /

. “"b :
* One mole of CH, is produced‘éfom each mole of C:H Oz . y

. . ! o

™

te. conver51on therefo e:

vﬂ

- # moles CH“ produced = 0.000625 moles’

S At'STP (standard temperature and pressure) 1 ‘mole of CHg

1

4occup1es a volume of 22 4 L. At STP 0. 000625 moles of CHn

occuples a volume ofs -

c 0.000625 moles * 22.4 L/mole = 0.014 L.
Summaﬂy The phy51cal condltlons for the CH. produced from
v .

‘J

‘acetate conver51on only in the serum bottle at STP are:

T = 0 °C (273 °K);.

P

fiatm; . ‘ ,f*f

0.014 L; and

<
i

=]
H

0.000625 moles.
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the methane occupies under |

To determine the vglu

:'he serum bottles, Qﬁe pressure

t R3 (day 65) to determine the

Ctar . -

pressure in the serum bottles.

last day of Alum Exper}

-

Experlmental conditions:

or

T = room temperature = 20 °C (293 °K);
P =7, o 4
. R ) ' h e =
> V = 4 e .
W " ‘& o B » ?,‘\73 g had
;; . -n = . ‘, _ V‘ ‘ P {?’33 5
' The pressure (P) is due to'- the part1al pressures’- from~~' s

Q@ By

1. CHQ productzon from acetate conver51on°

;f; 2. 2 CH, productlon from degradatlon of volatlle 5011d5°

A

3. dther gas productlon (COZ,*NZ, H;S, etc); and

4. presence of the 30% -~ 70% COz - N; gas added dur1ng

4

setup of the exper1ment,(sect1onl4.3). e

~

' Mefﬁane‘Pnoduction From Acetate and VS Destruction

AJ

’& N ’ . ‘ : . . . .
. Vs T . CHg/VS CH, - CH,
O g/ (/e/wT (3) 0 AnL)
r R - Day 65 S SR ’ L
- (D T @R T 3 ), e
CONT. 2.1 13,19 7.8 414
1 2.66  11.70 . 311 485° .
IV 2.65 11.38 30.2 46.5 ~.°
vi . . 2.60 11.41 29.7 45,4, P
VIII 2.44 . 11.28 27,5 40.8
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(1) - Taken from Table 5.5.

Taken from Table II.6.

N
S
§

(3) - (1)%(2).

\

—

AN

A
|

Equation presented in section 4.4.3-was adapted to
o determine the, volumes (see below).

", 8

o+ %CH, = (a/(a + 107.5))-100; where

”%? a = volume (mL).of CH,.

Volume = (107.5(%CH, /100))/(1 - (%CH./jOO));-where

107.5 represents the available volume in the

.3 . ° B - . o
serum bottle headspace = )
total volumevﬁ$58'mL) w3 1iquid voldme (50.5 mL) .

=

It can be assumeﬁ thé’VOlumes .in (4) have been determlned at ; )

: L { ¥, T . e
atmospherlc pressur;ﬁiecause when maklng up methanqﬁ
I ¢ ")‘) " - B
standards (sect1on 4 4.3), the pur1f1ed methane adde
L
standard bottles are at atmospherlc pressure in ther‘

to- the

syrlnge Just prxor to 1n3ect1ng to the standard bottle.

. - . '
\) .' « ¢ 3 )
e E o Othep Gas Productlon : o Jy_

Approx1matéf§ 70% of tobal gas productlon in anaeroblc

<
. digestion .is 1% tbe form of- methane (sectlon 3.2). The

EN

remainyng 30% constltutes ofher gases. Hsu-and Pipes (1973ﬁ
reported.phat the compostlon of dlgester gas (e. .g. CH. and ST

CO ) did not change very much dur1ng anaeroblc dlgestlon

R O L

Y prlmary and waste actrvéted sludge containing preformed

~ Voo

Al(OH),_floc. This was observed for alum1num concentrat1ons

from 0 to 1,549 mg/L Al. Therefore ‘the volumes of the other
1,

gases (as a total).can be est1mated from methane product1on~

(30%/70%) = CH. volumes & 40% * CH, volumes.



CONT. - 0.4, % 41.4 = 1646 mL. - o , ‘ L;§§f»
I - 0.4’"&5 | ' R | i L
VI - 0.4 *x 46.5 = 18.6“mL.f' | e ;
VI - 0.4 % 45.4 = 18.2 mL. Yoy e
VIIT - 0.4-% 4.0.8‘%”16 ier. - o ;T
Volumes Sre determined at atmbspherlc pressure (becaUse thegg
ere.a'r%;ip.of-the;CH;wmdiumes) : ‘Q RO zv;j“r‘ ‘ .
30% 70% Car'bon Dloxide Nltr'ogen Mixtur'e \'
”»e serum bottle headspace = 0 3 = 107 5 o .
. [ S ﬁ L . 32~3 mL.
VolumeﬁNz-in&gﬁe serum bo@%ﬁifgeédspece‘= 0.7 # 107 5 o A
e | o =752 mL. e
uVolumes are assumed to be determined-at atmospherlc pressure
(conditions that exlsted during setup of the experlment in %%gr’
‘section 4.3). . ' : : - N
o 4 . - ~
< R Determination of Number of’Moles of Each Gas -
‘4The Ideaeras Law equatlon wzll be used to determlne the . o
“p'number of moles of each gas'i R
R . | “' 'PV = nRT, where" ‘
9@“?*;P§= J//ospherzc p:\gghhe (assume ;vi) atm;
h'V = volume of respective gas L;
n = # of mole5° ’
'R =)0 082057 L atm/mole—'K' and .
T = room temperature (assume = 20 'C) = 293 o .,_’“

- 170

- Estimated volumes of\efﬁer\gases‘sre: B R u'fg

s
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' CH.'productlon.- # moles-
” 5 '_ 5$_,f*.  CONT - 0.00172 moles;
- .f  L | ?w\ 77}111-"’— 0, 00202 moles; -

W1y - 0.00193 moles;

2 bl o
el o 'v. | fﬁY;é.*"'o 00ﬁ89 mole5°,and
- 'vizz; - 0. 00170 moles{

B " 1, 0 Y
[N .o o Wi B

'mf Other gas prodq‘ h:~-# moles"'
Qﬁ} e
'. . e s K _0,

- y &
o N

@dﬁf. 0. 000691 moles- -_'*J',f_ o

s T N,
e ,riffﬁv Tt o . ol ‘ﬁ, K ) .
B - SR 000807 moles- R
Boant iy ) ) . T, N a0
b '“ﬂ=“"lvwﬂ) - 0 000774 moles-“ B R
ER T L - L . -

L '3”3,0,?&,y1-3_,— o. 000757 moles; and
Lo NiIn o, 000678 moles.

. [ e L
EXR e PP : 'CSQ""""?“'”

7 ngn- Nz mixture -‘# moles.
y co, -~ 0. 00134 moles~ ahd )
; - N, - 0.00313 moles. .
Total Pressure in the Se;hm Bottles_ffom Ali Sa
, , P = nRT/V, where
n = # of molés of respeétive gas;
L

f0:082b57 L-a:m/moleffK;

' T =293 *K; and
", . B ) - “-_y\ R

'V = serum bottle headspace = 107 5 = 0. 1075 L

) [ .

\
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&y, o
9 ’
*.
CH, OTHER  CO,
P GAS -‘R¥ P
(atm)  (atm) #« (atm).
CONT. O.:3.847 0.1545  0.3000
I 0.4518  0.1805  0.3000
IV . 0.4317 .0.1731  0.3000
‘ N : - ‘
Wi 04227 0.1693  0.3000
VIIT ~ 0.3802 0.1516 . "0.3000
Vol

.fw» A

o

o

-~ (atm)

0.7000
0.7000

-0.7000
0.7000
. 1.53

0.7000

>

PR

alone 1n the ‘serum bottles (under exper1mental

,c6nd1t1ons) can be determ1ned as follows

at STP (prev1ously calculated):

1 atm;

P

T

273 °K; andisgs,
w@%a

v = 0. 014'p?

' at exper1mental cond1t1ons-

L2 o B8
n

total pressures-calculated:(atm);
T = 20 /C = 293 ®K; and = &
y ' o )
V=2 (L), ’ ‘ o
. ~ . ’ »

(PV/?)_at‘STP'=\(PV7T)“at EXP.

A S
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TOTALS

(atm)

1.54
1.63
1.60

1.59°

,?!ethane Produced From Acetate Convers1on

o
R
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o *  TOTAL P CALCULATED wr
;o , (atm) : VOL. CH. (mL) A
- CONT, .¢?$%4u ; ' 9.8 : ’,~Q
u, ‘ ’ 'ﬁ% . ‘ N ' N,
11 ‘ - h6e3 9.2
IV o 1.60 | C9.40y )
VI * ‘ 1.59ﬁ? _ %{5
VIII o 1.53 - ' 9.8 v
: : S & : ¢

_ The CH, volumegyare calculated at experimental

cqhdiﬁions,(i;é: T = 20 °C).

- . \,
. Measured Methane Volumes Frdm Acetate Convers:on
’ Methane ,volumes' are determlned from the formula (as
before): B _ '
Volume = (107;5(%CHQ/100))/(i - (%CH./100))]
MEASURED - .VS .° "cHe  vor.
CH./VS :- - = o CH,
(%/9/L) .  (g/L) (%) (mL)
(1)' »~  (2) | J. %é:). _ .
- CONT. . 3.65 _ 2.11° ~° 7.70 9.0
11 - 2.62 "2.66 6.97. 8.1,
Iv .. 266 265 = 7.5 = 8.2
vi T 3.3 . 2.60 g.61 10.1
200 S 3.47 - 2.44 8.47 . 9.9

(1) Measured dlfferences in %CH, per g/L Vs for day 65 from

Table 11.5 and Table II.6. J/,

(2) Taken from Tabl%/j}s

(3) = (1)+(2). &

A ] . vy
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The measured CH, volumes (mL) are compared to the calculated
volumesxfor acetate conversion from the acetate supplement

below (at experimental conditions):

9

ALUM , 'MEASURED CALCULATED

EXP.- Al . VOLUME . VOLUME
R3 (mg/L) CHy (mL) - CH4 (mL)
CONT.  * 20 ' 9.0 9.8 =
oo 5 - U 9.2
o 60 8.2 9.4
vio 8 - 101 9.5,
, e o — | PRI z
VIII - 108 - . 9.9 9.8
o - 'J\ - ”
l'!. x‘:’l‘ ,{‘7 . \)\(IA;;,.T;)‘ ‘ N . X '
' Lo \‘&)‘3 - . . ;" : "J c L

The calculated volumts are actually over estlmatgd because

the analy51s was performed assumlng all the CHn (from

. conversion of the acetate supplement) was present 'in the

serum bottle headspace (107.5 mL volume) In fact, some of

the CH, w1ll be dlssolved 1npé;e 11qg1d sample dependlng on?

the pressure. N ‘
Similarly, an analysis can begperformed on FeCl, .
_ - . O ,

Experiment R3 (day 58) tot compare the me;sured and -

calculated CH, volumed produced from conver51on of ‘the ~ 7 ..

'):" p‘-—s. Y

acetate sugplement (refer to next page) : ST

‘i

12

e
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FeCl, o MEASURED CALCULATED
EXP. Fe VOLUME VOLUME

R3 - (mg/L). CH, ‘(mL) . CH, (mL)
CONT. 8 8.5 - 10.1

1T 36 " 9.8 10.1

IV 98 - 10.4 10,07
VI o176 9.7~ . 10.1

’ v
L - . o
S VIII 364 - 10.0. ¥ 9.5 ‘
* e e
i . - O e
. ,1_" ) .
: @“ .
T . .
. .
“°‘-: e ~




