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ABSTRACT

Anaerobic digestion of municipal solid waste enriched
with waste secondary sludge has been accomplished at solids
concentrations of 20 to 40%. By utilizing the waste near its
original solids level, handling and water requirements were
minimized. Valuable end-products of methane and compost were
obtained.

Experimental work involved the anaerobic digestion of a
synthetic municipal solid waste (MSW), made using high news-
print content and food waste, supplemented with waste sewage
sludge (WSS). The responses measured were biogas produc-
tivity, percent methane, total solids and volatile solids,
alkalinity, pH, and volatile fatty acid concentration. This
study was undertaken to determine the optimum temperature,
solids level, and MSW:WSS ratio for a high paper content North
American waste and to gain a further understanding of the
effects of various operational variables.

Dry anaerobic digestion was successful at solids levels
beyond 20%. Optimum biogas production rates were realized in
thermophilic digesters. Mesophilic digesters with same
operating parameters, were more stable in operation but
yielded 30% less biogas. Optimum operating parameters found
in this study were solids concentration of 30 to 35%, longer

retention time of 21 days, and a MSW:WSS ratio of one.
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1.0 INTRODUCTION

Energy can be recovered from municipal solid waste (MSW)
through either incineration or methane collection resulting
from anaerobic decomposition (Chynoweth and Legrand, 1988).
Generation of methane has been accelerated through leachate
recycle in landfills (in-situ recovery) or through batch
anaerobic digestion, at various total solids (TS) levels (Ten
Brummeler et al., 1988; Kasali and Senior, 1989).

High solids anaerobic digestion has been achieved at
total solids concentrations above 20%. Most municipal solid
waste generated has a solids content near 40% TS (Ali Khan and -
Burney, 1989). By utilizing the waste near its original
solids level, handling and water requirements are minimized.
Dry anaerobic digestion (DAD) reduces volumes to be processed
and may eliminate liquid effluent. DAD produces valuable end-
products of methane and compost (Wujcik, 1980).

One of the demonstrated ways of increasing the rate of
digestion has been co-digestion of MSW with waste secondary
sludge (Six and DeBaere, 1988). Other methods investigated
included increasing digestion temperature, lowering solids
concentration, increasing nutrient supply as well as other
process variations (Pfeffer, 1973; Cecchi et al., 1988;
Graindorge et al., 1989).

The effects of variations in temperature, solids con-

centration, sludge content, along with other operational




variables such as waste composition have not been well
documented. Several European continuous-feed high solids
’anaerobic digesters are at the pilot plant stage, with one on
a commercial level. Little information on high solids
anaerobic digestion has been gained from these plants due to
their commercial nature.

The MSW found in North America has a much higher paper
content in comparison to European urban waste (Graindorge et
al., 1989). The MSW in this study was a synthetic waste,
made up of newsprint and food waste, supplemented with waste
secondary sludge (WSS).

The goal of this study was to determine the optimum
operational parameters for a high newspaper content municipal
solid waste supplemented with waste secondary sludge.
Operational variables considered were:

- temperature

- solids concentration

- MSW:WSS ratio and

- mass retention time.
Performance indicators used were:

- biogas productivity

- biogas composition

- removal efficiency

- VFA concentration

- pH and

- alkalinity.




2.0 LITERATURE REVIEW

The following literature study is intended to cover the
operational parameters important to the in-vessel anaerobic
digestion of high solids, particularly as it relates to MSW
and waste sludge degradation. Municipal solid waste com-
position and end-product use are presented. Anaerobic
digestion in landfills and batch in-vessel digestion are also
covered to a lesser degree. The discussion does not intend
to describe anaerobic digestion in general. This topic has
been well covered by many others (Parkin and Owen, 1986;
Pfeffer, 1979). Table 1 gives a comparison of results from

both continuous and batch studies.

2.1 Effect of Solids Concentration

The effect of solids concentration on substrate degrad-
ation has been reported to be significant. In sludge diges-
tion, an increase in total solids decreases process efficien-
cy. In high solids digestion of manure substrate mixtures,
methane production decreased considerably between 30 and 35%
TS (Wujcik and Jewell, 1988). Graindorge et al. (1989)
digested MSW with high levels (40%) of paper and cardboard,
they found that due to the rheology of the digestate a solids
concentration of 25% should not be exceeded. Present Valorga
operating solids level was reported to be 35% TS for a highly

fermentable organic waste.
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Researchers using the Dranco process have been operating at
a total solids 1level of 30 to 35%, digesting a highly
fermentable organic MSW (OMSW) (DeBaere et al., 1985).
Research to date indicates that digestion of highly ferment-
able OMSW is most feasible in the range of 30 to 35% TS.

Higher paper content wastes have not been examined in detail.

2.2 Effect of Temperature

In the batch digestion of OMSW, temperature was found
"to exert significant effects on the interrelated metabolic
processes of acidogenesis, solventogenesis, and methano-
genesis" (Kasali and Senior, 1989). At 40% TS, thermophilic
temperatures (55 °C) proved inhibitory to biogas production-
and there was an accumulation of solvents. A bactericidal
effect was observed to occur on the methanogens at the 55 °C
incubation temperature. It was concluded that optimal rates
of methanogenesis can be maintained only at mesophilic
temperatures.

Debaere et al. (1985) observed both mesophilic and
thermophilic OMSW digesters, producing similarly 6.2 m’/m’r*d
at loadings of 14.3 to 17.2 kg COD/nP*d, using a highly fer-
mentable OMSW. At a higher loading rate, of 18.6 kg COD/m>*d
mesophilic gas production decreased by about 10%. With a
higher COD loading of 21.4 kg/n?*d the thermophilic digestion
rate increased to 8.5 m’ biogas/m’r*d. At the total solids

content of 30 to 35%, the thermophilic digester was capable



of operating at a loading rate 25% above the maximum meso-
philic loading rate.

Using landfilled MSW with 39 to 57% TS, optimum operat-
ing temperatures reported by other researchers have been 41
°C (Hartz et al.,1982) and 42 °C (Mata-Alverez and Martinez-
Virturtia, 1986 in Kasali and Senior, 1989).

At a long retention time of 30 days, Pfeffer (1973) found
thermophilic digestion in slurries (4 to 10% TS) to be 60%
more efficient than mesophilic. Using landfill slurries
(greater than 5% TS), 50% greater gas production rates were
reported for a 30 day retention time at thermophilic temper-
atures compared to mesophilic (Cooney and Wise, 1975 in Kasali
and Senior, 1989). Using piggery and dairy wastes (3-18% TS),
performance of thermophilic digesters was more efficient with
increasing loading conditions. At a retention time of 6 days,
30% more gas production was realized at thermophilic than
mesophilic temperatures (Kimchie et al., 1988).

Seemingly contradictory to the above findings, Buivid et
al. (1981) demonstrated the importance of temperature and the
initial methanogenic population by adding digested sewage
sludge to refuse. 1In the presence of a 10% (w/w) inoculum,
the total volume of the methane evolved was higher at 60 °cC
than 37 °C. When the inoculum was reduced to 5% (w/w), there
were reductions in methanogenesis such that only 2% of the

methane generated at 37 °C was produced at 60 °C.



Thermophilic operating temperatures appear to result in
higher removals and efficiencies. Other researchers report
operational difficulties in the thermophilic range. The

effect of temperature, although present, is not definitive.

2.3 Effect of Retention Time/Loading Rate

In the digestion of barley straw and dairy manure at an
average total solids of 13%, 35 °C, methane production was
reported to be 1.27 to 2.46 nﬁ/nﬁr*d, at loading rates of 5.2
to 12.5 kg VS/m *d respectively. Efficiency was reported to
be fairly constant for retention times (RT) greater than 20
days but dropped off considerably for retention times less
than 15 days. With a decrease in retention time from 25 to
10 days the same researcher observed a decrease in methane
content from 62.5% to 57.4% (Hills, 1980a).

Other researchers, using a 6% TS slurry of OMSW with
primary sludge (PS) or WSS, found that the best results from
an economical and processing point of view were obtained at
a retention time of 14 to 15 days. Below this point there
was a wash-out of bacteria. Beyond two weeks biogas remained
relatively constant indicating 15 days as the most economical
retention time (Cecchi et al., 1988).

In another study, an increase in retention time from 17
to 25 days did not significantly improve conversion of organic

matter. An increase in conversion from 51% to 56% was




reported. For OMSW containing 42% paper and cardboard, a 17
d RT with 25% TS was recommended (Graindorge et al., 1989).
Using a systems analysis approach, Chynoweth and Legrand
(1988) determined the optimum economical retention time for
high solids anaerobic digestion to exist near 3 weeks.
Researchers report that optimum MRT may vary from 15 to 25
days depending on temperature, solids concentration and

substrate.

2.4 Effect of pH and VFA

Most researchers found that it was necessary to provide
buffering to high solids digestion, suggesting higher rates
in hydrolysis and acidogenesis. Methanogenic populations have
been seen as the rate limiting step. Mao and Pohland (1973)
found that in sludge-seeded studies, methanogenic bacteria
were soon outnumbered by acidogenic species, due to their
sensitivity to oxygen and their lower specific growth rates.

Calcium carbonate was not effective in buffering (Ten
Brummeler et al., 1988). Jewell et al. (1981) found CaCo; did
not control pH sufficiently. Sodium bicarbonate gave best
results. The initial buffer/substrate solids ratio was 0.06.
The actual Na® concentration during the study was 8.9 g/L,
which exceeded reported toxicity 1levels for methanogens
(Duarte and Anderson, 1982 in Ten Brummeler et al., 1988).
In batch studies using hand-sorted landfill refuse at 40% TS,

2.5% (w/v), sodium bicarbonate was shown to promote fermenta-



tion. A lower concentration near 1% is speculated to be more
cost effective in conjunction with the optimization of
different variables such as refuse density, moisture content,
pPH or temperature (Kasali et al., 1989a).

DeBaere and his colleagues found volatile fatty acids
were inhibitory to the hydrolysis phase at relatively 1low
concentrations so that only a maximum of 20-30 g/L were
produced in the form of volatile acids and lactic acid. The
PH at this point was reported to be low, between 5.5 and 7.0.
Above this concentration of organic acids, hydrolysis was
reported to cease (DeBaere et al., 1985).

In the operation of dry anaerobic digesters buffering
has been recommended to maintain pH near neutral. Volatile
fatty acid concentration has shown to become inhibitory if

allowed to accumulate.

2.5 Effect of Digestate Composition

The composition of urban municipal solid waste can
greatly affect the performance of digestion. Table 2 gives
a Dbreakdown of the typical wastes from European and
North American cities. Paper and cardboard make up 45% of
Canadian urban waste. European urban waste contains a greater

percentage of highly fermentable organics and less paper.



EURCPE NORTH AMERICA

(F) (FRG) (UK) (U.S.A.) (CAN.)
Paper and 30 20 33.9 37.1 45
Cardboard
Biodegradable 25 42,3 23.4 26 26
Fines 17 11.5 7.1 - 1
Inerts (total) 19 23.1 25.7 28.4 20.4
Glass 8 11.6 14.4 9.7 6.5
Metals 6 3.9 7.1 9.6 6.4
Plastics 5 7.6 4.2 7.2 5.7
Miscellaneous 9 3.1 9.9 8.5 7.8

(per cent weight)

(Bonomo and Higginson, 1988)

Table 2: Urban Refuse Composition Data
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The paper fraction of the OMSW has been shown to be the
most difficult organic fraction in anaerobic degradation.
Newsprint contains 80% machine produced pulp and paper and
therefore has the highest lignin content of all cardboard and
papers. Lignin is thought to be insoluble and non-biodegrad-
able under anaerobic conditions. It has negative effects on
degradation when combined with cellulose (Graindorge, 1989).
Ligneous structure within an organic complex tends to shield
the cellulose materials from enzymatic hydrolysis (Hills,
1980b) .

As already mentioned earlier, the seeding with sewage
sludge has been shown to enhance the performance of a high
solids process. DeBoosere et al. (1986) speculated that the‘
digestion of paper and paper sludges could benefit from sup-
plementation of animal manures before digestion in view of
the low nitrogen and phosphorous levels.

The quality of OMSW has been shown to affect digester
performance, operating at 6% TS. Improvements in microbial
activity were observed when separate collection was performed,
instead of source separation of the organic fraction (Cecchi
et al. 1988).

Six and Debaere (1988) studied the digestion of several
different wastes. Their results shown in Table 3 indicate
that decomposition of incoming waste was affected by the waste
composition as well as by the method of collection. The col-

lection method may introduce greater inerts but may also add

11




Initial

TS
(%
Mixed MSW 56
Separately collected
MSW - Duobak 43
- fruit, veg.+
garden waste 35
Restaurant waste 19
Paper Sludge 5
MSW:WSS 2:1 39

)

Loading
(kg COD/m’r*d)
17.3
20
10
11

11
19

(Six and DeBaere, 1988)

Table 3: Anaerobic Digestion of Various Organic Wastes

12

COD
reduction

(%)
55
55

50
95
55
56



needed nutrients. In Table 3, the mixed MSW at 56% TS
achieved the same COD (chemical oxygen demand) reduction as
the source separated waste at 43% TS at similar loading rates.
This seems to conflict with the findings of Cecchi et al.
(1988) reported earlier.

As seen from the other organic wastes listed, COD reduc-
tion varies. The separately collected vegetable waste has the
lowest COD reduction. This low removal was reported to exist
due to the rapid acidification in the reactor (Six and
DeBaere, 1988).

Composition of the digestate as reported by various
researchers affect digester performance. Rheology of mixing
may be a problem when using high paper and cardboard contents
(Graindorge et al., 1989). Acidification may exist with pure
vegetable wastes (Six and DeBaere, 1988) or there may lack of
essential compounds necessary for microbial maintenance and

growth.

2.6 End-Product Use

The use of the digested blend of OMSW and sewage sludge
has found several applications as a soil conditioner. For
use as a soil conditioning agent, the C/N (carbon/nitrogen)
ratio has been recommended to be between 10 and 20 (Price and
Cheremisinoff, 1981). At this ratio the compost is considered

stabilized. At higher C/N ratios carbon and ammonia nitrogen

13




exert a high oxygen demand, causing septic conditions, which
often lead to high acidity levels.

DeBaere et al. (1987) found the anaerobically digested
OMSW to have a C/N of 12 to 15 after three weeks of digestion.
The cumulative oxygen consumption equalled that of aerobic
compost of 4 to 6 months, indicating a high degree of sta-
bility. Fecal bacteria were almost completely absent (Debaere
et al., 1987). It was the opinion of these researchers that
the anaerobically digested OMSW was more hygienic and dis-
played greater stability than OMSW aerobically composted for
4 months. The net effect was a more desirable soil condition-
ing agent.

Digested piggery and dairy wastes have been tested
successfully as livestock fodder, a component in particle
board, and as an agricultural fertilizer (Marchaim and Creden,
1981 in Kimchie et al., 1988).

Sources of heavy metals have been a concern in compost.
Heavy metals in the compost have been reduced by 45 to 55% by
pre-sorting MSW, thereby avoiding partial solubilization
during digestion (Cayrol et al., 1988). If sludge has been
added, the quantity of metals and pollutants determines the
use of the digestate. Lower quality compost has been used in
land reclamation projects.

In addition to compost, biogas results from the fermen-
tation process. One cubic meter of methane at standard

temperature and pressure has a net heating value of 35,800

14




kJ/m3 (Metcalf and Eddy, 1979). Biogas has a 50 to 65%
methane content (DeBaere et al. 1987). With a 55% CH,
content, digester gas has a heating value of approximately

19,690 kJ/m.

2.7 Concluding Remarks

The literature survey above, presents the findings of
research in dry anaerobic digestion in municipal solid waste
to date. Some results are conclusive such as the importance
of mass retention time. The reported effects of temperature
are conflicting. Researchers indicate optimum TS, for OMSW
anaerobic digestion, may be between 30 and 35%. Digestion
of high newspaper-content OMSW has not been adequately
addressed to date.

This study attempts to determine the optimum conditions
for high solids "dry" anaerobic digestion of typical high
cellulosic North American waste.

Operational variables considered in the study were:
temperature, solids concentration, MSW:WSS ratio and mass
retention time. Performance was evaluated using: biogas
productivity, biogas composition, removal efficiency, VFA

concentration, pH and alkalinity.

15



3.0 EXPERIMENTAL METHODS
3.1 Experimental Design

A conservative and economic fractional factorial ex-
perimental design (DEXP) was conceived to screen the main
variables that could affect the digestion at high TS contents
(Montgomery, 1984). The DEXP was made up of four levels of
TS (25%, 30%, 35%, and 40%), two levels of temperature (meso-
philic at 39 °C and thermophilic at 53 °C), mass retention time
(MRT) at two levels (15 and 21 days) and ratio at two levels
as well. The ratio is the proportion of total weight of MSW
to total weight of WSS in the feed. The responses measured -
were biogas productivity, percent methane, TS and VS, alka-
linity, pH, and VFA concentration.

Table 4 shows the particular set of factors for the 16
reactors used in the DEXP. Several other reactors were
operated simultaneously alongside the 16 of the DEXP. Data
from these 4, 2 at each temperature, are used where ap-
propriate. These reactors are not incorporated into the
analysis of variance (ANOVA) because they were not part of
the DEXP set-up. Table 5 lists the additional reactors with

their operational factors.

16



Table 4: Experimental Design Set-up

Reactor Temperature
°c
Mesophilic
M1 39
M2 39
M3 39
M4 39
M5 39
M6 39
M7 39
M8 39
Thermophilic
T1 53
T2 53
T3 53
T4 53
T5 53
T6 53
T7 53
T8 53
Reactor Temperature
°c

MO 39
M9 39
TO 53
T9 53

Nominal

Nominal

TS

25
25
40
40
30
35
35
30

30
40
40
30
35
35
25
25

TS

)

%

30
20

30
20

Ratio
MSW/WSS

NN =N

NEHENMPRPNNNRRP

Ratio
MSW/WSS

Retention
Time
days

21
15
21
15
15
15
21
21

21
15
21
15
21
15
15
21

Retention
Time
days

15
15

21
15

Table 5: Additional Experimental Reactors

17
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Figure 1: Schematic of Reactor with Gas Meter

Figure 2: Typical Reactor Set-up
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3.2 Reactor Set-up

Each reactor consisted of a glass jar approximately 3
litres in volume. Figure 1 schematically illustrates a
reactor with attached gas recording apparatus. Figure 2 is
a photograph of a typical reactor set-up. Two separate water
baths were maintained at 39 °C +/- 1 °C, mesophilic, and 53 °C
+- 1 on

, thermophilic, wusing Hach Models E100 and D80O

temperature controllers.

3.3 Feed Preparation

A large quantity of semi-synthetic feed was prepared and
frozen for use on as-needed basis. The feed consisted of
newsprint, food waste, and WSS. Newsprint was shredded to
short strips approximately 10 mm by 50 mm in size. Only non-
coloured newsprint was used. Food waste was obtained from the
campus cafeteria and consisted mainly of discarded prepared
breakfast and lunch foods. The blended food waste had a 42%
total solids content. The WSS was obtained from the Town of
Selkirk storage pond, with a total solids content of 11%.
Ratio R1 was defined as a 1:1 MSW:WSS ratio based on total
weight. Ratio 1 contained 9.8 parts shredded newsprint to 1.2
parts food waste to 1 part WSS on a total solids basis.
Ratio R2 is 2:1 MSW:WSS. Ratio 2 contained 19.7 parts
newsprint, 2.3 parts food waste and 1 part WSS on a total

solids basis. Newspaper accounted for 89% of the synthetic

19




OMSW on a TS basis. The food waste accounted for the remain-
ing 11%.

Feed stocks were prepared monthly. Exact feed solids
for each reactor were prepared for several feedings, at one
time. All feeds were stored in a deep freeze at -20 °C and
allowed to thaw overnight at 4 °C, before feeding. Sodium
bicarbonate was added proportionally to the mass loading rate
and solids content of the reactor on an as-needed spot basis.

Appendix A provides a listing of all NaHCO; additions.

3.4 Digester Start-Up

Initial start-up of the digesters was in slurry form.
Each digester was seeded with 1 1litre anaerobic sludge,
obtained from the City of Winnipeg North-End Water Pollution
Control Centre digesters. To this, 0.3 1litres fresh cow
manure, from the University Dairy Sciences and 0.45 litres of
prepared OMSW was added. This slurry was flushed with
nitrogen gas for 10 minutes before sealing reactor. The
weights of each reactor were recorded before and after
addition of the start-up mixture.

Each reactor was brought to the specified solids con-
centration gradually. Prepared substrate was fed twice a week
to each reactor. The desired TS content and reactor mass was
reached in two retention times, approximately 6 weeks. To
ensure stable conditions, an additional six weeks of con-
tinuous operation were allowed to pass before the data used

for comparative analysis was gathered.
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3.5 Feeding

The draw and feed operation was performed on an inter-
mittent basis twice weekly. Later during the study, the draw
and feed schedule was reduced to 3 times every two weeks.
Oxygen contamination in the reactor was minimized during
solids transfer by nitrogen flushing. Reactors wére mixed

manually by shaking for one minute each day.

3.6 Analysis

A monitoring schedule was developed to determine effec-
tively the status of the anaerobic digesters. The schedule
is shown in Table 6.

Biogas production was recorded each morning. Biogas .
production was measured using a Low Flow Rate Gas Volume Meter
Model 181, Triton Electronics Limited, as shown in Figure 2.
This meter measured cumulative biogas production by repeated
cell volume displacement, with +/- 50 mL accuracy.

In other reactors biogas production was measured by
liquid displacement using a saturated NaCl with 5% H,S0,
solution.

Preparation of samples for pH, alkalinity, and VFA was
based on procedures developed by Kasali et al., 1989. and
modified by Poggi et al. 1989. Fifty millilitres of 4 °cC
deionized water was added to a 10 g sample of solid waste
effluent. This slurry was stirred vigorously with glass rod
for 15 seconds and allowed to stand 10 minutes in the re-

frigerator. This sample was stirred once more before pH was
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Parameter
Biogas Production
Biogas Composition
pH
Reactor Mass
Solids
Alkalinity
VFA
Sodium

Ammonia

Frequency
daily
2 /week
2 /week
2 /week
2/week
weekly
weekly
biweekly

monthly

Table 6: Analysis Schedule
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taken. The pH was measured using a Fisher Accumet Model 230
pPH/Ion Meter with a Baxter slimline probe.

Following pH determination the slurry was filtered using
a coarse 1.8 mm mesh filter funnel. This filtrate was
centrifuged for 15 minutes at 3000 r.p.m. using a Damon/IEC
HN-S Centrifuge operating in a 4 °C environmental chamber.

A 20 or 25 ml centrate sample was then taken for alka-
linity determination using 0.2 N H,S80, following Standard
Methods (A.P.H.A., 1985). Potentiometric points used for
phenolphthalein, intermediate and total alkalinity were pH
8.3, 5.75 and 4.2 respectively.

Total solids were determined by drying a 10 g sample 12
hours at 103 °C. Dry samples were ashed at 550 °C for 6 hours -
to determine volatile solids.

Biogas composition was determined using a Gow Mac 550
gas chromatograph thermal conductivity detector. Helium
carrier gas was used at a flowrate of 10 ml/min. Stainless
steel 1.8 m by 6 mm columns were packed with Poropak Q, 80/100
mesh to determine methane and carbon dioxide concentrations
and Molecular Sieve 5A 60/80 packing, to confirm absence of
oxygen. Column temperature was 55 °C, detector temperature
110 °c, injection port temperature 95 °C, and the bridge
current 150 mA for both columns.

For volatile fatty acid determination, 1.5 ml of centrate
sample was further centrifuged using a high speed IEC Centri-
M Centrifuge for 10 minutes. VFA was determined using a
Hewlett Packard 5890 Gas Chromatograph thermal conductivity

detector. Column used was a HP-FFAP 10 m X 5.3E~4 m X 1.0E~
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6 m capillary column. Compressed air was the carrier gas at
13-14 ml/min; nitrogen make-up gas at 7-8 ml/min; H, to flame
ionization detector (F.I.D) at 30-31 ml/min; air to F.I.D at
450 ml/min. The HP-GC 5890 was programmed to allow VFA to
elute in less than 4 minutes with the following temperature
program: initial oven temperature 85 °C; initial oven time 1.5
min; initial oven rate 20 deg/min; final temperature 123 °c;
final time 1.0 min; rate A 30 deg/min; final temperature A 153
°c; final time A 1.0 minutes. Output was integrated and

recorded using a Waters 740 integrator.
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4.0 RESULTS AND DISCUSSION

Results of the 10 weeks of steady-state operation have
been compiled in Appendix B. Both averages and standard
deviations are presented where appropriate. The last 4 weeks
of data have been combined where averages are presented. 1In
this period reactors were buffered with sodium bicarbonate on
an as-needed basis and reseeding of upset digesters was kept
to a minimum. A listing of additions other than regular feed
is found in Appendix A. The following discussion will focus
mainly on digester averages.

Conventionally, with factorial design experiments (DEXP),
design parameters are pooled except the one to be examined. -
An analysis of variance (ANOVA) table was created to define
significance of effects. Table 7 shows the significance of
the factor under examination (Hicks, 1982).

Figures 3 through 6 are bar graphs displaying the effects
of total solids, temperature, ratio, and retention time
respectively. 1In Figure 3, ratio, retention time and operat-
ing temperature are pooled and feed total solids remains as
a variable. The same procedure is carried throughout. In
Figure 6, the 21 day VFA bar represents an average VFA
concentration of all digesters with a 21 day retention time,

both mesophilic and thermophilic.
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SOURCE

Main Factors:

Total Solids

Temperature

Mass Retention Time

Ratio

Interactions:
TS*T

TS*MRT

TS*MRT*T

note: TS*T*MRT = TS*R

Removal

Volatile Volumetric

Biogas Removal
Efficiency Production Fatty Acids Removal Rate Rate Methane
V.S. s. V.S, V.S. n.s.
V.S. m.s. V.S. S. n.s.
S. h.s. S. m.s. S.

V.S. n.s. V.S. s. W.S.
W.S. n.s. W.S. n.s. n.s.
n.s. n.s. n.s. n.s. n.s.
m.s. n.s m.s. W.S. n.s.

h.s. V.S. S. m.s W.S n.s

K= * gammma K Cuwmmn K Cuwnne K Cummwaw K o=
0.01 0.05 0.10 0.15 0.20

h.s - highly significant

V.s - very significant

s - significant

m.s - moderately significant
W.S - weakly significant

n.s - not significant

Table 7: Analysis of Variance
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4.1 Total Solids

An overview of the solids effect can be seen from the
line bars of Figure 3. There did not appear to be a linear
effect as might be expected. Efficiency did not decrease
linearly with an increase in solids as in sewage sludge. By
plotting removal efficiency against feed total solids, there
appeared to be a quadratic effect, as shown in Figure 7.
There was an optimum experienced somewhere between 30 to 35%
TS especially in the 21 day retention time (RT). The 15 day
RT did not highlight the solids effect except near 40% where
there was a sharp decrease in efficiency.

The effect of total solids on biogas productivity was -
similar to removal efficiency. Examining Figure 8, a similar
optimum was realized between 30 to 35% TS at 21 day RT in both
thermophilic and mesophilic. With the shorter retention time
of 15 days, there seemed to be a linear effect in productivity
followed by a sharp decline in biogas beyond 35% TS. The 25%
TS 15 day RT was unexplainably low. This digester experienced
several failures and would not operate in a healthy state for
extended periods of time. Total solids appeared to have a
less significant effect on biogas productivity when accom-
panied by a shorter retention time.

When ratio of OMSW:WSS was considered as the variable
against total solids, as in Figure 9, the results were less
clear. The thermophilic ratio 1 (R1) has the greatest biogas
productivity. The greater percentage of sludge present aided

in higher gas volumes; i.e. greater nutrient supply was
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available for microbial maintenance and growth. Thermophilic
R2 gave a similar but less significant quadratic effect, with
a possible optimum near 25% TS. Peak biogas productivity was
30% less with ratio 2 than with ratio 1.

Figure 3 displays a stepwise increase in VFA concen-
tration with an increase in TS up to 35%. There was less than
a 10% increase in VFA from 35 to 40% TS, possibly indicating
inhibition to the hydrolysis and acidogenic processes at 40%
TS. When this VFA data is examined in greater detail in
Figures 10 and 11, it can be seen that the shorter RT con-
tributed most greatly alongside TS to create this build-up in
acids. Mesophilic and thermophilic reactors gave similar
results at 21 day RT. A low or intermediate level of fatty.
acids was necessary as a precursor to biogas production.
However, a high level of VFA, greater than 4 mg HAc/gTS,
inhibited methanogenesis resulting in further acid build-up
and eventual failure of the digester.

The 30 to 35% TS range was higher than the optimum ex-
perienced for manure substrates, where methane production de-
creased considerably at 30 to 35 % TS (Wujcik and Jewell,
1980) . This optimum was similar to the TS ranges expressed
by operators of the Valorga and Dranco processes where a
highly fermentable waste was digested (Cayrol et al., 1988;
DeBaere, 1985). However, when a high paper and cardboard
content OMSW was used (Graindorge et al., 1989), 25% TS was
recommended. The addition of WSS, in the present study, may

have aided in allowing higher operating solids concentrations.
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The effect of TS on methane content was minimal. The
average methane concentration ranged from a low of 51.4% to
a high of 60.2% CH,. Some digesters which failed still
exhibited high methane values. Graindorge et al. (1989) noted
that methane content did not fall in failing digesters.
There was a slight decline in methane content with increasing
TS. The observed decline was near 5% with a 25% increase in
TS. A linear regression performed on the methane contents of
all reactors illustrates the low rate of decline with TS in-
crease, Figure 12. There was a slightly higher methane
content in both mesophilic and thermophilic 21 day RT diges-
ters (Figure 13), indicating that healthier reactors may have .
higher methane contents, as one might expect. The slight
difference in methane contents indicated however that methane
would not be useful in day-to-day monitoring of digester

health.

4.2 Temperature

The effects of operating temperature are twofold. An
increase in operating temperature, from 39 °C to 53 °c,
improved removal efficiency 25%, and biogas production 30%,
on average. Average VFA concentration was also reduced
(Figure 4). However, process stability was reduced. Several
of the thermophilic reactors experienced upsets resulting in
low pH, and low biogas production and/or high VFA concentra-

tion.
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In Figure 14 at Rl an increase in temperature resulted
in higher removal rates at 21 day RT, yet lower removal rates
at 15 day RT. The reverse, however, was true for R2. A de-
crease in volumetric removal rate was observed at 21 day RT,
and a significant increase was seen at 15 day RT, R2.

Comparing the effect of temperature on VFA concentration,
the results were more conclusive; see Figure 17. An increase
in temperature decreased the VFA level, excepting the case of
15 day RT, R2 where retention time and ratio seemed to be have
a strong negative effect.

From this study, it is speculated that the thermophilic
methanogenic bacteria were more sensitive to the intermittent -
feeding procedure, lower retention time and/or high cellulosic
feed or a combination of the above. Figures 18 and 19, both
30% TS 15 day RT, performed quite differently. The digester
M5, ratio 1 represented in Figure 18 was much more stable
having never failed. 1Its responses were more stable than the
thermophilic digester, T4 ratio 2, of Figure 19. T4 failed,
requiring reseeding on day 25.

While thermophilic digesters at 21 day retention times
showed impressive results, caution must be taken. In full
scale, both process stability and flexibility are required to
withstand changes in substrate quality and variations in
loading rates. These operational factors, along with cost,

must be taken into account.
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4.3 Ratio

The effect of ratio, that is the fraction of WSS present
in the OMSW was significant to biogas production and volu-
metric removal rate (VRR), as shown in Figures 9 and 14. At

30 to 35% TS, thermophilic Rl biogas production exceeded

thermophilic R2 by nearly 30%. The differences between
mesophilic Rl and R2 are less clear. Ratio 1 displayed an

optimum at 25% TS, followed by a decreasing linear effect.
Ratio 2 displayed a quadratic optimum at 5% TS. In this
study R2 had nearly one-third higher biogas production than
Rl in the mesophilic range at 35% TS, but the R1 digesters
were more consistent and stable. Table 8 shows the total-
nitrogen and phosphorous present in the feed. Recalling that
R2 had nearly 50% less WSS than R1l, it is evident that
nutrients came from both the WSS and OMSW. Less than 10% of
the TKN (total Kjeldahl nitrogen) came from the OMSW per unit
mass. The phosphorous was almost solely derived from the WSS.
Ratio, as an indicator of nutrients present, played a role
in the performance of the digester. Overall, the operational
stability of Rl was greater. WSS 1is speculated to have
supplied nutrients to the microorganisms essential to the
degradation process. The VFA contents were nearly 20% higher
in R2 digesters, shown in Figure 5. One could speculate that
at ratio 2, i.e. higher MSW:WSS, the VFA was greater due to
fewer nutrients and more cellulosic supply resulting in a more

stressed microbial development.
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TKN

mg N/gTS
Ratio 1 3.75
Ratio 2 2.82

Nutrient test performed

Table 8: Feed

Total
Phosphorous

mg P/gTS

on feed samples 25% TS

Nutrient Content
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Biomass composition has been described by McCarty as
CyoHg703N,P. The requirements for nitrogen and phosphorous can
then be approximated by the fraction present times the biomass
growth. 1In order for synthesis of new cell growth to proceed,
the substrate must contain adequate supply of all the elements
which are found in the cytoplasmic material of the cell
(Benefield and Randall, 1980). Because the OMSW:WSS substrate
was defecient in N and P microbial activity was inhibited.

COD tests indicated that the feed contained approximate-
ly 1.1 g COD/gTS. This translates to a COD/N of 300 and 400
for R1 and R2 respectively, indicating nutrient deficiencies.
More WSS could be added, if available, to lower COD/N/P ratio.

and possibly improve digester performance.

4.4 Retention Time

The effects of retention time have been mentioned
throughout the discussion of the other parameters. As can be
seen in the preceding figures, a longer retention lead to
greater process stability and better performance. Figure 6
shows that, on average, an increase in RT from 15 to 21 days
lead to more than double the efficiency from 17.6% to 40.1%.
Biogas productivity was increased nearly 65% with the increase
in retention time.

The 15 day RT reactors exhibited a higher level of
upsets. The average VFA concentration was 5 times greater at
15 days than at 21 days. The effect of retention time is

highly significant. A MRT of two weeks claimed by some
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researchers and processors is not suitable for this situation.
A higher MRT is needed to attain reasonable stabilization,
efficiencies and reliable operation.

Graindorge and his colleagues came to the conclusion that
lengthening the retention time from 17 to 25 days did not
improve degredation. This study concurs with most researchers
mentioned in the literature review. The MRT has been found
to be a significant operational parameter with an optimal

retention time near 3 weeks.

4.5 Dynamic Monitoring

Methane content has shown to change only slightly with
widely varying digester performance, similar to that ex-.
perienced by Graindorge et al. (1989). Therefore, methane
content was considered to be a poor choice to monitor the
health of a digester. In this study, alfa was found suitable
for dynamic monitoring. Alfa is defined as:

alfa = Intermediate Alkalinity (pH 5.75 to 4.20)
Partial Alkalinity (initial pH to pH 5.75)

(Ripley et al., 1986).

An increase in this parameter was related to upcoming stress
or failure conditions. As seen in Figure 18 and Figure 19 an
increase in VFA was first announced by an increase in alfa.
An increase in the alfa parameter can be used to alert
remedial action well before an increase in VFA and the
resulting decrease in pH and biogas productivity. A low value

of alfa indicated a healthy and reliable performance.
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5.0 CONCLUSIONS

From the present study examining the co-disposal of waste
secondary sludge with synthetic OMSW the following conclusions
can be made:

1) The effect of total solids was very significant in
the removal efficiency of organic matter and in biogas
productivity. Optimim removal efficiency and maximum biogas
production were observed between 30 and 35% TS.

2) The effect of retention time was highly significant
in VFA concentration as well as process reliability. A 15
day mass retention time affected negatively on the removal
efficiency and biogas production. A 21 day MRT resulted in-
lower VFA concentrations as well as a more reliable and
efficient operation.

3) The highest removal efficiencies and biogas production
were exhibited by the thermophilic digesters with 21 day RT.
The shorter 15 day RT was unstable at the thermophilic
operating temperature. Overall, the mesophilic operating
temperature was shown to provide dgreater stability and
dependability.

4) Lower MSW:WSS ratio provided microorganisms with more
essential nutrients. Digesters fed with ratio 1 MSW:WSS dis-
played higher removal efficiencies and biogas productivity as
well as a lower average VFA concentration.

5) Methane gas content decreased only slightly with de-
creases 1in digester performance and was not useful in

monitoring the health of the digester.
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6) The alfa parameter was an early warning indicator of
pending upset or failure.

From the preceding discussion and above conclusions, it
is recommended that in the high solids anaerobic digestion of
WSS with OMSW that the following parameters be used:

- total solids content of 30 to 35% TS

- mass retention time near 21 days

- a ratio rich in sewage sludge

- mesophilic digesters operating at a temperature
of 39 °C to 41 °c.

This set of conditions may be conservative due to the
nature of the designed experiment. The operating parameters
however will ensure both process flexibility along with.
reliability and stability in the co-disposal of waste secon-

dary sludge with organic municipal solid waste.
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ABBREVIATIONS

ANOVA

BG

COoD

DAD

DEXP

MSW

OMSW

RT

TS

VFA

VRR

VS

WSS

Analysis of variance

Biogas

Chemical Oxygen Demand

Dry anaerobic digestion

Experimental design

Flame Ioni:ation Detector

Acetic acid

Mass retention time, days

Municipal solid waste

Organic fraction of municipal solid waste
Ratio

reactor

Removal rate, gVSremoved/kgVScontents*day
Retention Time

Temperature, °C

Total solids, % of total weight

Volatile fatty acids, mg HAc/gTs

Volumetric removal rate, gVSremoved/Lwv*day

Volatile Solids

waste secondary sludge
working volume of the reactor
weight per unit volume

weight per unit weight
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Reactor

MO
M1
M2
M3
M4
M5
M6
M7
M8
Mo

TO
T1
T2
T3
T4
T5
T6
T7
T8
T9

* feeding schedule twice per week preceding July 25/89

** feeding schedule three time per two weeks following

July 25/89.

Target
Mass

kg

.

.

°

[oNoNeoNeoNeNoNeNoNoNe

AT OO O UIY

[eReRoleNoNeNoNoNoNe

AU OTLOLOTOL DO

Feed
Mass

g*

210
83
117
67
93
117
117
83
83
140

150
83
93
67

117
83

117

117
83

140

60

Feed

Mass
g**

280
111
156

89
124
156
156
111
111
187

200
111
124

89
156
111
156
156
111
187



SODIUM BICARBONATE AND RESEEDING

July 7 T7 100g of TO

July 12 M4 0.5g Bic.

July 14 M4 2g Bic. + 34g M3 + 50g M7
July 18 T2 2g Bic. + 93g TO

July 25 MO 3.6g Bic.
M3  0.8g Bic.
M4 0.8g Bic.
M6 1g Bic.
T4 2g Bic.
T6é 2g Bic.

July 28 MO 1g Bic.
M4 4g Bic.
T4 29 Bic. + 80g TO
TS 2g Bic. + 70.3g TO
Té6 2g Bic.

Aug. 2 M2 2g Bic. + 137.2 MO
M4 2g Bic.
M6  3g Bic.

Aug. 7 MO 0.5g Bic.
M1 0.5g Bic.
M2 2g Bic. + 156g MO
M3 0.5g Bic.
M4 799 M7 + 41g MO
M5 0.5g Bic.
M6 2g Bic.
M7 0.5g Bic.
T2 1g Bic. + 56g T3
T9 0.5g Bic.

Aug. 11 MO 5.6 Bic.
M5 0.5 Bic.
M6 0.5g Bic.
M7 0.5g Bic.
M8  0.5g Bic.
M9 0.5g Bic.
T2 3.6g Bic. + 111g TO
T3 1g Bic.
T8 0.5g Bic.
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Aug. 16 MO

3.6g Bic.

M2 151.3g M
M3 0.5g Bic.
M4 79.6g M
M5 0.5g Bic.
M6 1g Bic.
M7  0.5g Bic.
M8 2g Bic.
M9  2.4g Bic.
T2 77.4 T.
T3 1lg Bic.
T8 0.5g Bic.
Aug. 21 restart T2: 100g
MO 1.4g Bic.
M1  0.33g Bic.
M2 0.47c Bic.
M3  0.27g Bic.
M4 0.37g Bic.
M5 0.47g Bic.
M6 0.78g Bic.
M7 0.56g Bic.
M8 0.56g Bic.
M9 0.56g Bic.
TO 0.60g Bic.
T1 0.11g Bic.
T2 0.62g Bic.
T3 0.44g Bic.
T4 0.47g Bic.
T5 0.33g Bic.
T6 0.78g Bic.
T7  0.47g Bic.
T8 0.33g Bic.
T9 0.56g Bic.

T2 + 183g TO + 46g T3 + 72g T1
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JULY AVERAGE AUGUST AVERAGE JUL-QUG AVERAGE
SAMPLE  Yield Yield Yield Yield Yield Yield Yield Yield Yield
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AUGUST, 83
AVERAGE

Selids and pH Data

SAMPLE TS (40 VS LITSY VS (D oH

G 207 9n.4E 0 E6.93 780
1l 4.3 93,75 .84 3.5l
M2 24, .83 i 3.65
43 ‘ .27 3. .37

4 .68 M.19 7.7l
15 33.81 26.43 7063
He 92,58 30,96 7.4
H7 . 36,09 3232 3.22
Ha @07 93,9% 26,99 3.15
M3 1962 95,96 18,83 7,53
T .41 98017 26,34 8.16
T 28,36 93,1 26.60 3.31
12 37.47 0 9423 35,32 3.30
K 37.03 95,68 35.4% .24
4 27,00 94,30 25,62 3.31
73 07 P29l 28.88 8.97
Ta 30,35 94,36 28.83 1,33
T 24,42 93,32 .44 8.2%
13 22,77 95,08 21.88 3.24
T3 19,32 36,37 19.2 3,24

3olids and pH Data

Vs (iT5)

Vs {4

pH

RO
it

H3

HS
fie
#7
Ha
NS

70
Tt

-
72

"
)

T4

T

T6
N

13
13

1. 448
1,386
1,433
1,272
3197
0.826
1,273
2,935
0.6%

L7

0.723
1,063
2,278
14,606
0.333
1,840
{.889
0,778
0.380

1,923

0.737
0.273
1.082
0,573
0.692
0. 603
0.692
0.407
0.437
0.619

0.174
0.267
0.783
24,443
0.338
0.403
0.323
0.22
0.146
1. 360
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1,43t
0,288
1,275
{.500
1,273
.884
{,484
0.308
0,801
0.700

0,601
0.322
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.860

. 236
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0.259
0,221
0.137
0.399
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JULY 1983
AYERAGE

SAPLE  ALEAL,

FHENOLFH,
img/g HSiipgdg MO

ALKAL.
PARTIAL

ALE

AL,

T0TAL

ALEAL.
INTERH,

ALFA

ALEAL.

ALEAL,

AI/AF  PHENOLPH, FARTIAL

img/g M5iimg/g M5!

fmg/g TS

Hmg/q 152

ALKAL.
TOTAL

ALKAL.
INTERH.

{mg/g T5){aq/q 75}

i 4.85 .78 (.13 1.8t 4,30 3.0%
1 4.92 135 1,06 1,56 3.8% 2004
HZ 0,42 179 4,011 {51 .40 1.9
#a 4,68 2.80 0,400 1,62 2,33 1.73
k4 133 3.9 3,00 .79 4B 4,67
%5 1,66 0,00 .83 2.20 1,37
Mg 4,10 0,00 .54 3.%7 2,82
w7 1,92 4,00 4,73 .19 P44
3 1,13 0,46 1.6 3.47 i,82
#3 3,62 J.14 3.24 9.23 1,98
T { 0. 44 4,37 0,42 7.81 4,44 1,62
7! 0 0,42 0.48 0,40 3. 4,47 1,46
TZ ] {54 3.4 .05 {24 3.2 3.97
T3 y 0.63 181 0,00 4,97 .75 1.78
T4 { 2.43 4,71 0,496 1.33 10,18 3.34
i3 g 4,59 1. 18 0,00 1,39 3.3 1.83
T8 4,00 .38 3,37 0,00 0.83 7.7¢ .83
7 3,903 0,42 4,06 0,13 2,41 4,02 1.6t
78 4,02 0.32 0,43 4,07 2.25 3.67 todt
79 iz HR Y] 1.39 .39 0.39 i.6b J.34 7.42 2.09
JULY 1989
Std. Dev.
SAMPLE  ALKAL.  ALXAL,  ALKAL.,  ALEAL, ALFA ALEAL,  ALKAL.  ALKAL.  ALKAL.

PHENOLFH,
{mg/g M5

PARTIAL
{mg/g HS

0

TAL

INTERH.

Yimg/g MS){mg/g MS!

AL/RP

PHENOLFH.
i{mg/g T5Ymg/q TSiimg/g TS}

{mg/g T35

PARTIAL

TOTAL

INTERH.

oo ) i - x4
W oo ~d g LA

Tt

T
ik

13
T4
‘{C
Te

7

8

5 ARG
U, tgd

0,032
0.024
0, 000
0.000
0. 000
0,000
0,000
4,000
4,031
4,000
{1,050
0,074
0.034
4,000
0,000
0,000
4,000
0.021
0,031
2,086

0,30t
0. 166
0,110
0.12

0,233
0,081
3,032
0,071
.300
0.340
0,040
0,150
0,35

0.196
0.040
0.343
0,227
1,108
0. 146
0,397
0.173

1,044

0

0,117
0.
.
1.
0.
0.
.

1
30
956
183
393
172

0,32

H]

2.
0,
0,

i}

73

543
000
148
380
853

0.296

+“

2.603

0,429

&

0.
0.
{.

2.014

310
642
276

.78l
0.127
0.134
0.413
1,704
0,130
0.366
0,103
0,065
0.228
0.000
0.036
0,131
0,808
0.271
2,369
4,212
1910
0,218
0,233

0,119

1,938
1,821

536
0,905
2,080
0.601
1.884
0,330
{1,387
0,195
4,000
0.128
0,207
2.096
{1,638

’1"‘7
ia

0.180
3.746
0.314
0.120
0,091

0.126
0,100
0,114
9,000
0,000
0,000
{1,000
0 000
0.180
0.000
0.130
0.253
0,086
{1,000
0.000
4. 000
0.000
0,073
0.130
0.442

1,025
£.843
0,516
0.312
{.543
0.367
0.978
0,237
0.983
{332
0,000
0.506
1. 280
0.300
0,130
1194
0.665
0.300
0.538
1,896
{.588

2
i

2E

-
2
739
a
LY
0

CQL-J“'-JJ'A
f==]

0
1.

4,935
0.934
1,757
0,568
{041
3. 083
0.000
1,51

1,336
2.098
0.914
8.504
L2710
. 095

2,913
0,460
0.741
1,020
4,301
1.471
L.685
0.343
0.206
. 267
0,000



ALKAL.  AuRAL.  ALKAL.  ALKAL.
FHENOLPH, PARTIAL  TOTAL  INTERM,

8§

a/g T3iimgsg T5iimgsq TS)imgiq

o an .
2.23 4,70

{

: 1oan
NS E .1..3'».’ i i.
4 t noeg = 7 c
Hid Ladd Paaad deid de
W 144 =g q
s} i.5d 4,39 Ja

: T3 A o
Hé Faat 30,83 14,40
e [y i oan
4_ 3 ix:“; L il
Wz A oegn s =n 7 ¢t
i) i} i eai H
[ Zodt fed fads
Y s AR EIRE 4 44
H7 (.43 IS 1
& \ a7 ERGT ¢« A4
l)‘{:l Hegf 2.0 FE R
4G 17 5 ag 2 74 4 e
A4 Ua %/ La 30 Gaid L2 0

-
R

]

I 2043 3.3% 1,35 0,39 .30 702 10,75
J.44 0,85 44! .34 0.4 R 3.47 163
g §.87 1025 0,41 0.47 0,22 3.98 3.71 1,82
73 Y 1,30 3.37 d.041 G, 00 3.84 3.40 1,38

i 14 240 0.40 742 7.02

0,43 473 4,00 Lol .76 1,75

3.33 2,33 4,36 .35 17.34 12,45
3 115 3.36 0.00 0.32 3.43 2,30
a4 3.3 5.48 iy 2,66 17.24  14.38
HE 0.7t 7.0 1,00 0,32 2,75 2042
b 2,35 77 4,86 1,70 1,38 8.03 2.7 i3
Wi 0,10 .47 0.37 3,75 0,00 .29 .40 1
48 HRHY iz 0.30 0.38 3020 0,40 0.4 1.72 1
H3 .00 4,22 0.7z 0. 50 2.33 .00 t.16 3.47 2
70 0,1z 0.80 1,22 .42 .33 4.43 2,93 4,48 1,95
T 0,14 0,40 1,34 0,54 0.68 0.47 2.66 4,43 1.30
T2 2.90 0,35 4,31 396 1L.27 .00 ¢.36  10.33 3.87
13 .00 0.2 1,34 1.06 3.83 1,00 0,72 3.43 2,77

o
BN

.46 173 .54 4,81 0.47 1,42 3. 34 7.83 2.49

Lt s B B e
oo el o €A

0.03 1,34 0,32 .38 2,70 0.1 2,16 3.87 1,30
4,07 N 4,46 0,62 2,10 3.04 4.9 133
3 07 1.20 0.43 0,36 3.00 4.23 6.60 2,33




Alkaiinity Data
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BLEAL.  ALKAL.  ALKAL.  ALKAL.
PHENDLPY, PARTIAL  TOTAL  INTERM.
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3.2 8. 28

3,05 3.99 9.94

13.56 7313 3.5

3.33 5,29 3,44

.84 13,74 11,34

6.32 14,08 175

235 19,30 17,55
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