Figure 15 - Gas measuring device

The needle should be changed regularly in order to avoid clogging and to get as accurate results as
possible. It is also important to make sure the surface of the liquid returns to equal levels in the burette
and the bottle. Different liquids can be used. In many instances the displacement liquids have been water,
but in this case, a solution of hydrochloric acid was used. This type is normally used when one needs to
store the gas in the device for a pending GC-analysis. If that is the case one should also flush the device

with nitrogen before each measurement.

3.3.2 Gas chromatography

Gas chromatography is a method of analyzing the contents of different compounds in liquids or gases. It
is based on the principle that there is a difference in how different constituents of a sample pass through a
column at different rates depending on the adsorption in the column filling and the carrier gas. Once they
have passed through the column they are detected; the time of detection and the amounts are recorded. As
the compounds have different retention times in the column, it is possible to identify the compounds and

the amounts; given the retention time for each compound in the column is known.

In these experiments a HP 6890 series GC system was used to find the methane amounts of 200 pL

samples of biogas. The samples were injected in the GC using a microsyringe and running the analysis for
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5 minutes. The retention time of methane in the GC was 3.5 minutes, and the peak area was recorded and

compared with the standard curve to find the methane amounts.

Table 5 - Specifications on the method and GC used in the methane content analysis

Oven temperature 75°C (constant)
Carrier gas Nitrogen (N,)
Column 10 ft. molecular sieve 13X — 45/60 mesh

3.3.3 Data processing

The measurements taken were recorded as gas production between each measurement, and the samples
for the GC reflected the methane content of the gas produced between each measurement, and thereby the
methane production between each measurement. As the samples for the GC were taken before the volume
measurements, there was always a different amount of gas as the pressure in the serum bottles would be
affected by the pressure. The actual volume of the gas analyzed by the GC was estimated using Boyle’s

law.

PV = PRV, (2)

The pressure of each sample was found using the volume of the headspace in the serum bottles and the
volume produced, found by the measurements. For example, if the volume recorded in the instrument is
90 mL and the volume of the headspace in the serum bottle is 90 mL, the atmospheric pressure in the

bottle would be

_ Volume recorded + Volume headspace 3)
h Volume headspace

90 mL + 90 mL 4)
90 mL

2atm =
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The difference in pressure was taken into account when analyzing for the methane content and was found

using the standard curve and the peak area detected by the GC.

Once having both the methane and gas production between each measurement from each model waste,
the accumulated volumes were found by adding and subtracting the values found from the reactors where
no COD was added to eliminate the gas produced by the inoculum alone. Another manipulation had to be
done in order to compare the results to each other and other studies, as there was a difference in COD
concentration. For most of the wastes the feeding and spikes contained the same COD amounts; 4 g/L, but
to compare them to other concentrations, the COD amount had to be taken into account; therefore the
graphs showing accumulated gas and methane production show a production based on the amount of
COD added. For example if the first feeding had a COD concentration of 4 g/L the gas produced would
be divided by 4 g COD, or if the concentration was as high as 57 g/L the volume measured would be

divided by 57. Also, each reactor volume was 70 mL, this was also taken into account.

Gas production rates were also plotted, showing the production rates of every waste in terms of mL/h to
show the relationship between gas production and methane production and to see if there is a difference in

development.
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3.4 Summary

The measurements were conducted in four different runs, in addition to a run with blanks. They were all

conducted with the same temperatures and revolutions per minute in the shaker table as well with as the

same routine on feeding with a first round of control substrate for all reactors, then dividing them on

different wastes from spike 1 and onwards. Each run can be divided into three parts; part 1 between the

initial feeding and spike 1, part 2 between spike 1 and spike 2, and part 3 between spike 2 and

termination.

Each run had a triplicate containing the control substrate and two or three other model wastes.

Table 6 - Overview of all serum bottle reactors and which runs included which wastes

Run Serum Initial feed Spike 1 Spike 1

bottle hour 0 hour 70 hour 140
Type COD (g/L) | Type COD (g/L) | Type COD (g/L)

1 1-3 Control 4 Control 4 Control 4
4-6 Control 4 Tween 80 4 Tween 80 4
7-9 Control 4 Starch 4 Starch 4

2 1-3 Control 4 Gelatin 57 Gelatin 57
4-6 Control 4 Control 4 Control 4
7-9 Control 4 EG 4 EG 4

3 1-3 Control 4 Gelatin 4 Gelatin 4
4-6 Control 4 Control 4 Control 4
7-9 Control 4 DMF 4 DMF 4
10-12 Control 4 PG 4 PG 4

4 1-3 Control 4 Control 4 Control 4
4-6 Control 4 DMF 0.4 DMF 0.4
7-9 Control 4 EG 4 EG 4
10-12 Control 4 PG 4 PG 4

Periods mentioned Part 1 Part 2 Part3

What happens with the serum bottles in each run is the same, and the most important steps are shown in

Figure 16 on the following page. A timetable for the measurements is given earlier in table 4.
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4. Results

The results recorded were in the form of gas and methane volumes. From this accumulated volumes have
been derived in addition to production rates of gas and methane from each waste. The results are shown
with the gas and methane productions first, followed by the rates.

4.1. Gas production

4.1.1 Control

Figure 17 shows that the gas productions from each run differ substantially, especially run 1 and run 2
from run 3 and run 4. The part that separates run 3 and 4 is the part before spike 1, from 0 hours until 70
hours. From spike 1 and onwards they follow the same pattern. In the time span before spike 1, runs 1 to
3 follow the same pattern, while the gas production is slightly higher for run 4. The reason for that is
simply a miscalculation of the COD concentration in the control substrate feeding routine. The
miscalculation was discovered between the first and second feeding in run 3. Prior to this discovery, the
COD-concentration in all control substrate feedings were considerably lower, and this explains why the
gas productions of the first 2 runs were so low (and also the start of run 3) compared to the accumulated
gas production seen in run 4. Consequently, as run 4 is the only complete run with the desired COD
concentration, all accumulated gas productions, and methane productions are compared with the results
from the control substrates in run 4. Also, graphs showing this will include graphs with hour 0 starting
from spike 1 to show relations where there are equal COD concentrations and only COD in the form of

the desired model waste.
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Figure 17 - Graph showing the average gas production from triplicates of the control substrate reactors from each run.
Run4 has the desired COD concentration of 4 g/L, while the others are slightly lower due to miscalculations.

4.1.2 Tween 80

From Figure 18 and Figure 19 it is evident that the gas production is considerably lower than that of the
control substrate with the same COD concentration. Before spike 1, when all reactors are fed with control,
the COD concentrations were lower than desired in runs 1 to 3 resulting in lower gas productions; this is
shown in Figure 18 where the gas production of Tween and Control low COD is lower than Control up
until Spike 1. In fact, it is evident from these graphs that a COD concentration of 4 g /L in the Tween
reactors yielded almost the same amount of gas as the lower COD concentrations of the control substrate.
At the time of termination of run 1, 164 hours after the first feeding, the accumulated gas volume
produced in the Tween reactors were an average of 539.9 mL/gCOD, while the control substrate reactors
at the desired COD concentration had produced an average of 976.9 mL/gCOD at that time. If the pre-
spike 1 period is excluded, the accumulated gas volume produced from the tween reactors totaled 291.2

mL/gCOD while the control substrate reactors produced 632.7 mL/gCOD of biogas.
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Figure 18 - Graph showing gas production from reactors with tween 80 substrate and control substrate. The period
before spike 1 has a COD in the form of control substrate for all reactors. Wastes added at the spikes make the COD
concentration in the reactor reach 4 g/L.
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Figure 19 - Graph showing gas production from reactors with tween 80 substrate and control substrate from spike 1 and
onwards. In spike 2 the reactors are fed with 10 mL of the wastes. Same volume is removed before.
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4.1.3 Starch

Figure 20 shows that the gas production follows the same pattern as well as similar production volumes
when comparing the Starch substrate and the control substrate at equal concentrations. Figure 21 shows
that gas production from the Starch is slightly slower than the Control of the same COD concentration in
the period up until Spike 2, but then picks up and produces more gas as termination is approaching, and
ending up surpassing the accumulated volume achieved by the Control at the time of termination. The
volumes produced up until termination of run 1 are very similar to volumes measured at the same times in
run 4 for the control substrate; 910.7 mL/gCOD at 164 hours for Starch while 976.9 mL/gCOD at 167
hours for the Control, shown in Figure 20. It seems from this, that a slightly larger production can be
expected from the Starch, given that from Spike 1 and onwards until termination, the average gas volume
produced from the starch reactors is 648.9 mL/gCOD compared to 632.74 mL. Compared with the
Control substrate reactors with the miscalculated COD amounts, it is evident that the concentration was
too low in those reactors.
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Figure 20 - Graph showing gas production from reactors with starch substrate and control substrate. The period before
spike 1 has a COD in the form of control substrate for all reactors. Wastes added at the spikes and the first feed make the
COD concentration in the reactor reach 4 g/L.
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Figure 21 - Graph showing gas production from reactors with starch substrate and control substrate from spike 1 and
onwards. In spike 2 the reactors are fed with 10 mL of the wastes. Same volume is removed before.
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4.1.4 Gelatin

The gas production from gelatin was measured in two different runs as there was a miscalculation in the
first attempt, in run 2. The COD concentration in the gelatin was extremely high in this run resulting in a
much higher gas production, as shown in appendix, but a very low yield when the COD is taken into
account. With the high concentration like this, the theoretical gas production is far greater than the actual
gas produced. From Figure 22 one can, again, see that there are different COD concentrations prior to
spike 1 and that this has an effect on the total gas volume produced with the control from run 4 producing
more in this period than the reactors from run 2 and 3. From 0 hours until termination of the run with
gelatin reactors at the COD concentration of 4 g/L, the accumulated volume produced amounts to 1185.4
mL/gCOD (263 hours) while for the control substrate reactors the volume produced at the termination
after 261 hours was a slightly higher 1243.6 mL/gCOD. However, Figure 23 shows, in fact, that the
accumulated volume produced from gelatin is higher than that of the control substrate with a total volume
produced at termination of 998.7 mL/gCOD compared to 899.4 mL/gCOD. Another interesting
observation is that for the first half of the run, the control substrate reactors and gelatin reactors produce
very similar amounts, but while the controls keep producing steadily for the rest of the run, the gelatin

reactors increase the gas production rate slightly.

As with the gas production, methane production from gelatin was measured in two different runs. Even
though the gas production from the high concentration gelatin was higher as seen in appendix, the actual
methane volumes measured was lower as the methane content in the gas produced was miniscule. When
taking the COD into account, the methane yield was close to 0 as shown in Figure 23. The methane
produced from the desired COD concentration gelatin is eight times higher than that of the high COD
concentration, both when calculating the accumulated volume from hour 0 and starting from spike 1.
When comparing the methane production of gelatin with the production made by the control substrate
reactors one can see that the production is similar when comparing same COD concentrations, although it

is evident from Figure 23 that methane production is, in fact slightly higher for the gelatin reactors.
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Figure 22 - Graph showing gas and methane production from reactors with gelatin substrate and control substrate. The
period before spike 1 has a COD in the form of control substrate for all reactors. Wastes added at the spikes and the first
feed make the COD concentration in the reactor reach 4 g/L unless stated otherwise. Methane productions are marked
with CH4
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Figure 23 - Graph showing gas and methane production from reactors with gelatin substrate and control substrate from
spike 1 and onwards. In spike 2 the reactors are fed with 10 mL of the wastes. Same volume is removed before. If not
stated otherwise, the COD concentration is 4 g/L. Methane productions are marked with CH4
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4.1.5 Ethylene glycol and propylene glycol

The glycols were run twice each because their high standard deviations. The gas productions varied
greatly from reactor to reactor, and in order to verify that everything had been done correctly a second run
for each glycol was conducted. The variations were still high, leading to the conclusion that it had to do
with the acclimatization of the microbial communities. What is evident from looking at figures 24 to 27 is
that the development of the two different glycols are different; while the EG reactors tend to slow their
gas production in the same manner as the control substrate reactors, the PG reactors do not seem to slow
their production as termination is coming closer. From both figures one can see that in the final run, the
ethylene glycol reactors and propylene glycol reactors produce similar amounts up until 130 hours in
Figure 25 and Figure 27, with the exception of EG 1. It is also shown in these figures that the PGs from
the different runs are similar, a total accumulated volume difference of 85 mL/gCOD which is within the
standard deviations of accumulated volumes of PG 1 and PG2. The EGs, on the other hand, have a
slightly larger difference in accumulated volumes at the time of termination for run 2 at 240 hours (157
hours after spike 1) of 140 mL/gCOD. This value is within the standard deviation for the EG 1, but well
above that of EG 2 at 240 hours in run 4.

Compared with the results of the gelatin, starch and control substrate reactors the glycol reactors do not
perform well with respect to biogas production. Even compared with the tween reactors they come out
with inferior results with a total average accumulated gas production from spike 1 until the termination
time of run 1 at 164 hours (94 hours after spike 1) of 191 mL/gCOD, 301 mL/gCOD, 232 mL/gCOD,
and 272 mL/gCOD for EG 1, EG 2, PG 1 and PG 2 respectively.

As with the gas productions, the methane production from the glycol reactors varied greatly from reactor
to reactor resulting in large standard deviations and a second run with both chemicals; ethylene glycol and
propylene glycol. What is different from the relations in gas production is that the methane production is
lower in the EG 1 reactors compared with the other glycol reactors as shown in Figure with an average
accumulated volume of 31 mL methane/g COD at its termination. Otherwise the general pattern of
accumulated volume over time for the EG reactors follow that of the control substrates, while the PG
reactors seem to try and catch up with the control substrates as time passes and termination is
approaching, as seen in Figure 27. The total accumulated methane production of the glycol reactors is low
compared to the volume accumulated from the control substrate reactors. For EG the volume produced is
approximately one third of the volume produced by the control substrates and it seems to keep on being
the case, while the trend for PG is a little more uplifting as the accumulated difference is diminishing as

termination is approaching
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Figure 24 - Graph showing gas and methane production from reactors with ethylene glycol substrate and control
substrate. The period before spike 1 has a COD in the form of control substrate for all reactors. Wastes added at the
spikes and the first feed make the COD concentration in the reactor reach 4 g/L. Methane productions are marked with
CH4.EG 1is EG fromrun 2, EG 2 is EG from run 4.

1000

800

600

Volume (ml/gCOD)

400

200

Spike 2

5 o
J-///__

50

100 150 200

Time (hours)

—e—EG1
EG2

—a— Control

—o—EG 1CH4
EG 2 CH4

—&— Control CH4

Figure 25 - Graph showing gas and methane production from reactors with ethylene glycol substrate and control
substrate from spike 1 and onwards. In spike 2 the reactors are fed with 10 mL of the wastes. Same volume is removed
before. If not stated otherwise, the COD concentration is 4 g/L. Methane productions are marked with CH4. EG 1 is EG
fromrun 2, EG 2 is EG from run 4.
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Figure 26 - Graph showing gas and methane production from reactors with propylene glycol substrate and control
substrate. The period before spike 1 has a COD in the form of control substrate for all reactors. Wastes added at the
spikes and the first feed make the COD concentration in the reactor reach 4 g/L. Methane productions are marked with
CH4. PG 1is PG from run 3, PG 2 is PG from run 4.
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Figure 27 - Graph showing gas and methane production from reactors with propylene glycol substrate and control
substrate from spike 1 and onwards. In spike 2 the reactors are fed with 10 mL of the wastes. Same volume is removed
before. If not stated otherwise, the COD concentration is 4 g/L.. Methane productions are marked with CH4. PG 1 is PG
from run 3, PG 2 is PG from run 4.
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4.1.6 Dimethylformamide

The figures 28 to 31show the gas and methane production from the reactors with the DMF wastes. The
two runs with DMF differ because of the COD concentrations in the reactors. The first run with DMF
contains the same amounts of COD in the reactors as all the other valid reactors, 4 g/L. The second run
with DMF was conducted with a tenth of the concentration to see whether the previous concentration had
been too high and resulted in inhibition of the microbial community, and whether the inoculum would be
able to adapt to the waste at low concentrations. Both of the runs with DMF show a low gas production,
without taking COD into account, compared to all the other wastes shown in appendix. But when taking
the COD into account it is clear that the low concentration DMF produced a lot of gas, and also methane,
although the methane content in the gas was not incredible. Total gas production at termination of the
runs (calculated from spike 1 and onwards) ended at 147 mL/gCOD for the high concentration DMF,
while at 2243 mL for the low concentration. The difference here is substantial, with the low concentration
DMF producing 45% more gas according to the measurements taken, and that is even without taking the
COD into account. When considering the difference in COD, the gas production is very high for the low
concentration DMF compared to other wastes.

The two runs with DMF, when looking at the methane production, differ because of the COD
concentrations in the reactors. The high concentration DMF show very low methane production compared
with all the other wastes, while the low concentration is similar to the control in volume, but then
considerably lower in content. They seem to follow the same pattern of production relative to their own
respective gas productions. But compared with the control substrate reactors the methane production of
the DMFs is considerably lower than their gas production. While in the gas production shown in Figure
29, the DMF produced about one sixth of the gas production for the control substrates, the methane
production of the DMFs amounted to only 5% of the methane produced by the control substrate reactors.
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Figure 28 - Graph showing gas and methane production from reactors with DMF substrate and control substrate. The
period before spike 1 has a COD in the form of control substrate for all reactors. Wastes added at the spikes and the first
feed make the COD concentration in the reactor reach 4 g/L. Methane productions are marked with CH4.
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Figure 29 - Graph showing gas and methane production from reactors with DMF substrate and control substrate from
spike 1 and onwards. In spike 2 the reactors are fed with 10 mL of the wastes. Same volume is removed before. If not
stated otherwise, the COD concentration is 4 g/L. Methane productions are marked with CH4.
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Figure 30 - Graph showing gas and methane production from reactors with DMF substrate and control substrate. The
period before spike 1 has a COD in the form of control substrate for all reactors. Wastes added at the spikes and the first
feed make the COD concentration in the reactor reach 4 g/L unless stated otherwise. Methane productions are marked
with CH4.
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Figure 31 - Graph showing gas and methane production from reactors with DMF substrate and control substrate from
spike 1 and onwards. In spike 2 the reactors are fed with 10 mL of the wastes. Same volume is removed before. If not
stated otherwise, the COD concentration is 4 g/L. Methane productions are marked with CH4.
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4.2 Production rates

The gas and methane production rates of each waste have been looked at and are shown in graphs sorted
with the production rates from each waste. When looking at production rates of methane compared to
those of biogas it is clear that the rates are much higher when talking about the biogas production rates.

4.2.1 Tween 80

The gas production rate of tween reactors and the control substrate reactors generally follow the same
pattern with peaks soon after feeding and spiking. This can also be seen in the previous graphs by the
slope of the graphs being steeper immediately after spiking. Some odd results are seen here in Figure 32
as with the peak around spike 1 where the rate of production is much higher for the tween reactors even
though they in the long run produce less gas, or the point prior to spike 2 where the production rate drops
to 0. These aspects will be discussed in a later chapter.
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Figure 32 - Graph showing the change in gas production rate (mL gas/hour) over time for Tween 80 in a 70 mL reactor.
The spikes represent removal of 10 mL effluent and feeding of 10 mL more waste. Both spikes and the first feeding brings
has a COD concentration that brings the COD concentration in the reactor to 4 g/L
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4.2.2 Starch

The gas production rate from the starch reactors also follows the same path as the tween reactors shown
previously. The reason why the peaks are generally high in the measurements taken from the first run will
be discussed. Compared with the production rate of the control substrate reactors from run 4, Figure 33
shows that the rate varies more with the starch reactors, with a higher secondary peak between spike 1

and 2 as well as with an increasing rate immediately before termination.
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Figure 33 - Graph showing the change in gas production rate (mL gas/hour) over time for starch in a 70 mL reactor. The
spikes represent removal of 10 mL effluent and feeding of 10 mL more waste. Both spikes and the first feeding brings has
a COD concentration that brings the COD concentration in the reactor to 4 g/L

50



4.2.3 Gelatin

From Figure 34 it is evident that the control substrate reactors and the gelatin reactors with the same COD

behave similarly. For the high concentration gelatin the peaks are clearer and higher, reaching a

maximum production rate of near 12 mL/h which is double the peak production rate registered for the

control substrate reactors in run 4,
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Figure 34 - Graph showing the change in gas production rate (mL gas/hour) over time for gelatin in a 70 mL reactor. The
spike represents removal of 10 mL effluent and feeding of 10 mL more waste. Both spikes and the first feeding brings has
a COD concentration that brings the COD concentration in the reactor to 4 g/, unless stated otherwise.
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From Figure 350ne can see that the methane production rate is very dependent on the COD levels for the
control substrate phase before spike 1. The peaks there are lower for the lower concentrations used in runs
2 and 3. When using the same COD concentrations of gelatin and control substrates, the reactors behave
similarly with respect to methane production rate, although the peaks are higher for the gelatin than for

the control. Also, the peaks tend to go lower for each spike.
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Figure 35 - Graph showing the change in methane production rate (mL gas/hour) over time for gelatin in a 70 mL
reactor. The spikes represent removal of 10 mL effluent and feeding of 10 mL more waste. Both spikes and the first
feeding brings has a COD concentration that brings the COD concentration in the reactor to 4 g/L, unless stated
otherwise.

One notable aspect of the production rates are shown in the Figure 36 and Figure 37. The peaks of
production rates do not coincide. In fact they are opposite, even though the gas production is slower
towards the end, the methane production is higher (in volume and content) and peaking right before the

spikes, while the peaks of biogas production as a whole tend to peak right after feeding the reactors.
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Figure 36 - Comparison of production rates of methane and biogas. The COD concentration in the reactors is 4 g/L in the
feeding at hour 0 as well as the spikes
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Figure 37 - Comparison of production rates of methane and biogas. The COD concentration in the reactors is 4 g/L in the
feeding at hour 0 as well as the spikes. In the period before spike 1, the COD is in the form of control substrate. Spike 1
and 2 are both with gelatin
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4.2.4 Ethylene glycol and propylene glycol

The gas production rates from the EG reactors shown in Figure 38 show that they generally lie beneath
the rate of the control substrate reactors and consequently lower than those of the starch and gelatin
reactors as well. They peak immediately after spikes and have a general tendency of lowering the rates as
time goes by, with lower peaks after Spike 2 compared after Spike 1. The PG reactors behave exactly the
same up until 200 hours where the production rate flattens out rather than decrease as most of the other
wastes tend to. The PG reactors even increase their production rates towards termination as shown in

Figure 39, surpassing the production rates of the control substrate reactors.
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Figure 38 - Graph showing the change in gas production rate over time for ethylene glycol in a 70 mL reactor. The spikes
represent removal of 10 mL effluent and feeding of 10 mL more waste. Both spikes and the first feeding brings has a COD
concentration that brings the COD concentration in the reactor to 4 g/L
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Figure 39 - Graph showing the change in gas production rate over time for propylene glycol in a 70 mL reactor. The
spikes represent removal of 10 mL effluent and feeding of 10 mL more waste. Both spikes and the first feeding brings has
a COD concentration that brings the COD concentration in the reactor to 4 g/L

The methane production rates of the glycols differ from the control substrate in the fact that they do not
decrease prior to spikes. Both increase steadily between spike 1 and 2 peaking at very similar rates shown
in Figure 40 and Figure 41 . However, after the second spike, the methane production rates of the EG
reactors, peak and flatten out, while the rates of the PG reactors keep soaring, up past the rates of the

control substrate reactors up until termination.
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Figure 40 - Graph showing the change in methane production rate over time for ethylene glycol ina 70 mL reactor. The
spikes represent removal of 10 mL effluent and feeding of 10 mL more waste. Both spikes and the first feeding brings has
a COD concentration that brings the COD concentration in the reactor to 4 g/L.

0.9
Spike 1 Spike 2
0.8
| |
0.7 ! |

[T~

N

Rate (ml/h)
o o
~

S~
T~
Y

[ N/ e

0.3 / { / —a— Control
0.2
|
0-1 V
O T T T T T 1
0 50 100 150 200 250 300

Time (hours)

Figure 41 - Graph showing the change in methane production rate over time for propylene glycol in a 70 mL reactor. The
spikes represent removal of 10 mL effluent and feeding of 10 mL more waste. Both spikes and the first feeding brings has
a COD concentration that brings the COD concentration in the reactor to 4 g/L
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4.2.5 Dimethylformamide

Figure 42 below shows that the gas production rates of the DMFs follow the same general pattern that
most wastes follow, including the control substrate shown in the figure. The production rates peak at the
same time dropping fast and evening out at very low levels for both concentrations of DMF, although one
should consider that the difference in COD concentrations of the DMFs would play a big role. The

difference in rates between the two concentrations is bigger between the two spikes than after the second.
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Figure 42 - Graph showing the change in gas production rate over time for DMF in a 70 mL reactor. The spikes represent
removal of 10 mL effluent and feeding of 10 mL more waste. Both spikes and the first feeding brings has a COD
concentration that brings the COD concentration in the reactor to 4 g/L, unless stated otherwise.
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The same can be said about the methane production rates shown in Figure 43, the rates are by far the

lowest observed from any of the model wastes, together with the highly concentrated gelatin, and the rates

from the different concentrations of DMF seem to differ slightly more early on. Also, a rise in the
production rate is observed after a long steady period on the reactors with low concentration DMF right

before termination.
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Figure 43 - Graph showing the change in methane production rate over time for DMF in a 70 mL reactor. The spikes

represent removal of 10 mL effluent and feeding of 10 mL more waste. Both spikes and the first feeding brings has a COD

concentration that brings the COD concentration in the reactor to 4 g/L, unless stated otherwise
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4.3 Summary and methane content

Table 7 - Accumulated gas and methane productions and total methane content from the gas produced. COD
concentration in the reactors is 4 g/L. The asterisks represent different COD concentrations; 57 g/L and 0.4 g/L for

Control
Gelatin*
Gelatin
EG1
EG 2
PG 1
PG 2
DMF
DMF*

gelatin and DMF respectively.

Total Total accumulated Time of
termination content

accumulated gas methane

1243.57
290.37
1185.36
752.74
770.24
814.17
912.74
335
2611.43

359.91

52.13
334.91
145.39
184.66
212.78
243.73

65.97
415.65

261
240
263
240
261
263
261
263
261

Methane

28.94 %
17.95 %
28.25%
19.32 %
23.97 %
26.14 %
26.70 %
19.69 %
15.92 %

Methane content last
measurement

52 %
12 %
52 %
21%
33%
34 %
45 %
18 %
28 %

Table 8 - Accumulated gas and methane productions, and total methane content from the gas produced from spike 1 and
onwards. COD concentration in the reactors is 4 g/L. The asterisks represent different COD concentrations; 57 g/L and

0.4 g/L for

Control
Gelatin*
Gelatin
EG1
EG 2

PG1
PG 2
DMF
DMF*

gelatin and DMF respectively.

Accumulated gas
after spike 1

899.40

95.72
998.69
531.07
411.79
621.19
535.95
147.02
2242.86

Accumulated CH,
after spike 1

6.53
281.15
99.73
70.09
152.98
130.72
12.23
302.47

Methane
content

28.03 %

6.82 %
28.15%
18.78 %
17.02 %
24.63 %
24.39 %

8.32%
13.49 %

Methane content
last measurement

12 %
52 %
21%
33%
34 %
45 %
18 %
28 %
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5. Discussion

The theoretical methane yield in the serum bottles at the working temperature is 350 mL/g COD for each
spike, but the highest yield achieved from one spike is a much lower with 159 mL/g COD for the gelatin
with the COD concentration of 4 g/L. An argument for that are the relatively short retention times, but
with a maximum yield amounting to only 45% of the theoretical yield, one should expect that a higher
methane yield and thus a higher removal of COD would be possible. In addition to this another cause
could be the short start-up time for the bigger reactors (4 weeks) from where the inoculum was collected.
This might not have been sufficient in order to achieve complete stabilization. These reactors had been
going through a gradual start-up time of 4 weeks prior to the first run of the serum bottle reactors. A long
start-up time for anaerobic digesters is important because of the desire of having a population of
methanogenic organisms as high as possible. The start-up period normally needs a long time in this sense
as the growth rate of methanogens is low (Tan et al., 2006). Also, the type of substrate is important with
respect to how well the methanogens perform, according to Tan et al, more so than with the quantity of
substrate, which according to their study generally show the same trends in COD removal for the same
substrates (Tan et al., 2006).

5.1 Tween 80

As shown in the result chapter, the gas production from the tween 80 reactors was lower than the control
substrate reactors. When looking at previous studies done on fat, oil and grease wastes, one can see that
LCFAs tend to have a negative effect on methanogenesis, as they inhibit the methanogens and acetogens
important to produce methane. The study done by Long et al. on LCFA methanogenic activity inhibition
shows that loading reactors with a COD concentration of 3500 mg/L resulted in 50% methanogenic
activity loss, when the COD loaded was in the form of oleate (Long et al., 2012a). Oleate and tween 80
are both derivatives of oleic acid (Partanen et al., 2001), an acid which according to Chen et al is an
inhibitory acid (Chen et al., 2008). The tween waste in this experiment does, however, produce gas on its
own, so arguing that it is completely inhibitory is difficult. At the time of termination, the gas produced is
about 50% of the gas produced by the control substrate reactors, meaning there is a 50% activity loss in
gas producing organisms. But here a possible residual COD content added in the first feed might have an
effect on the gas production. According to their study, Long et al have found from various other studies
that results on inhibition involving various LCFAs are inconsistent with some studies showing greater

inhibition with a mix of LCFAs while others observed a greater COD removal. The results with tween
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show that there is a gas production to some degree, but a 50% reduction in gas production compared to
the control is a poor performance, and one could conclude that tween is unsuitable as a waste to produce
biogas on its own. In co-digestion with other wastes, fatty wastes have proven to increase the methane

yield, and ways to implement this kind of waste in co-digestion with other wastes should be considered.

5.2 Starch

Although the results on gas production from starch are a somewhat inadequate with an early termination
of the run, one can see the trend this kind of waste follows. Figure 21 shows that it follows the same
trends as control substrate and in fact has produced more gas than the control at the time of termination.
The gas production is more rapid after the last spike. This confirms the studies presented earlier that
shows how starch wastes and food wastes are easily degraded, with rapid gas production. In fact, this
model waste is the one that produces most biogas together with gelatin in these experiments, as shown
later. This fits well with the studies presented earlier. Starch in particular, has a high methane yield as
well. Unfortunately, due to problems with GC, the methane content was not determined for the starch and
tween reactors, but with approximate methane content in biogas around 50% normally, shown for
example by the methane contents in biogas produced in anaerobic digestion of sugar and potato pulp that
ranged between 50.8% and 54. 1% (Kryvoruchko et al., 2009), one would expect starch to produce this.
However, as we can see from Table 7 and Table 8, the total methane content in the biogas samples that
were analyzed in the GC, is low, with the maximum total accumulated methane contents of 26 % from the
gelatin reactors and the control substrate reactors, one could predict around the same for starch. What is
worth pointing out with the methane contents in general is that they increased with time with the last
measurements showing methane contents of 50% which confirms the theory. Actually, in a study on
biomethanation of cassava starch, the authors Malial et al found an average methane content of 59% in
the biogas produced from batch digesters (Manilal et al., 1990). This was methane content from a run that
lasted 60 days. With these high methane contents yielded from other starches, one could argue that the
methane content from the starch reactors would have the potential to surpass the gelatin and control
substrates. Also, with methane contents in general increasing with each measurement, it seems the
methanogens are acclimating to the wastes and one could possibly, with long runs, achieve similar
contents for these reactors. When looking at gas production from starch compared to the controls one can
see that they are virtually the same from spike 1 until spike 2, but then starch accelerates relative after
spike 2. The reason here could be, as previously discussed, that the residual COD originating from the
first feed has an impact, and the COD concentration was lower in the first feed of starch, than the control

substrate as shown in part 4.1 of this report. Another reason is that the inoculum has been using the
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control substrate as the continuous feed in the start-up period of the project so the microbial community
should be acclimated for that kind of waste, meaning that even though the COD have easier accessibility
in the starch, the bacteria will easier utilize the COD in the waste they are used to, until they figure out

how to best use the COD in the starch, resulting in a delayed production from the unknown wastes.

A way to increase gas yield from starch wastes would be to add other types of wastes that provide
essential nutrients absent in the starch. One of these nutrients is nitrogen, and in the case of this model
waste, the inoculum must provide the process with nitrogen. Once this has been used, one would expect

the methane production to diminish.

The potential of carbohydrate wastes are immense, as these wastes are readily available, making up 20%
of landfill wastes. Degrading these anaerobically means an increase in biogas production which is
important in order to move away from the use of fossil fuels as well as diminishing the problems related
to these landfills such as contamination of surface and ground waters as well as spreading of diseases
(Smith and Almquist, 2014).

5.3 Gelatin

The gas production from gelatin is strikingly similar to that of the starch, with equal production as the
control substrate between spike 1 and 2 before accelerating the production and ending up with slightly
higher production. When looking at the studies conducted by Elbeshiby et al, the gelatin here performs
better relative to the carbohydrates, as the cumulative gas production at the time of termination of the
starch reactors is virtually the same whereas, in the their study the cumulative methane volumes were
20% higher for the pure starch waste than for the pure proteinaceous waste(Elbeshbishy and Nakhla,
2012). A way to explain this could possibly be that the composition of the gelatin used has a C:N ratio
that is advantageous for gas production, more advantageous than the proteinaceous waste used by
Elbeshiby.

The hydrolysis of proteins is slower than the hydrolysis of carbohydrates, which means that the gas
production should be lagging more for the gelatin than that of the starch. A reason why this is not the case
here, could be due to relatively low retention times in the reactors, giving the microbial community little
time to adjust. If the protein content in the control substrate is high, the inoculum might need more time to
maximize the gas production from the starch, than it does before maximizing production from gelatin

wastes.
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In comparison to the control, the gelatin behaves similar to starch and the arguments for the accelerated

production could be due to residual COD, acclimation or a combination of the two.

When looking at the high concentration, it is evident that the microbial population was not able to handle
the extremely high concentration, although the accumulated gas production was high, it was very low
considering the amount of COD that was available in the reactor as shown in Figure 23. The methane
content was also the lowest recorded. Complete inhibition is evident; the ammonia concentration in the
reactors is obviously well above the threshold for viable reactors, resulting in ammonia inhibition. In the
paper Inhibition of anaerobic digestion process: A review Chen et al makes it clear that inhibition of
methanogens is also related to acclimation. In order to avoid inhibition, feeding with low concentrations
of substrates will help methanogens utilize the new type of substrate, and once acclimated far higher
concentrations of the substrate will be viable for methane production. In the case of the high
concentration gelatin, it is evident that the concentration used exceeded the limit concentration where an
acclimation is possible (Chen et al., 2008), and the large amounts of nitrogen lead to a high concentration

of ammonia.

5.4 Ethylene glycol and propylene glycol

The gas and methane production from the glycols varied a lot from each bottle, leading to two runs for
each waste; ethylene glycol and propylene glycol. The standard deviations were still high, meaning the
inoculum developed differently in each bottle, and it became particularly evident with glycols. The glycol
substrates are not nearly as efficient as the more well-known wastes in anaerobic digestion. With a gas
production amounting to 50% of the production from the control substrate reactors between spike 1 and 2,
these wastes are not initially well suited for biogas production with this inoculum. However, as discussed
by Chen et al, the microbial community is able to adapt to a number of potentially inhibitory substrates as
long as the concentration in the start-up is low. The up-lifting element with the glycol wastes is that they
seem to adapt more as termination is approaching, especially to the PG wastes. The gas and methane
production rate is never higher relative to the control substrate than at the time of the last measurements.
This shows that the inoculum is adapting and is increasingly able to utilize the COD in the form of
glycols. The adaption is clearly easier with PG as shown in Figure 27, but there is also, as shown in
Figure 25, a slight increase in gas production towards the end for EG 2. The observation of the propylene
glycol is confirmed Zitomer et al, as they found that methane production could be slow with high organic
loading rates of propylene glycol aircraft deicing fluids. They discovered that loading rates higher than

1.6 g COD/L-d resulted in decreased digester pH. This, in turn, lead to a hydraulic residence time of more
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than 15 days needed in order to prevent inhibition (Zitomer et al., 2001). This could very well be the case
here too, with the gas production picking up because the rate-limiting step, propionate fermentation to
acetate, is getting close to being done. These glycols would also be very suitable to mix with other wastes

that need more carbon in order to increase the gas yield, as these wastes are carbon-rich.

5.5 Dimethylformamide

The gas and methane production from the high concentration DMF shown in Figure 28 and Figure 29
show that there is hardly any gas and, particularly, methane production once the inoculum has been
spiked with the DMF. After the spike there is clear evidence of inhibition. The inhibition is most likely
due to the high concentration of the waste leading to toxic quantities of ammonia. As reported earlier in
the literature review, an ammonia concentration exceeding 200 mg/L in the digester would lead to
negative effects. The theoretical ammonia concentration in the digester after spike 1 is more than twice
the threshold, with a concentration of 404.84 mg/L (see appendix C); this concentration is clearly too high
to be handled by the inoculum. DMF is also a problematic waste due to its composition with a high
nitrogen content; the C:N ratio in the waste itself is 3:1, while the ideal ratios for anaerobic digestion

range between 20:1 and 30:1.

For the DMF with low concentration, a massive production of gas is shown in both Figure 30 and Figure
31. The reason for the great production shown especially just after spike 1 is probably due to the residual
COD from the part of the run before spike 1. All serum bottles were fed with the control waste with a
COD concentration of 4 g/L at hour 0 shown in Figure 30. COD remaining from this period will have a
great effect on the development of the graph as it is shown with gas volume produced per gram of COD.
The residual COD will have an effect that looks ten times higher once the spike only contains a COD
concentration of 0.4 g/L. However, gas is produced, and from Figure 31 it is clear that production is
increasing as termination is approaching. By this time the COD used to produce the gas probably
originates from the DMF in spike 2, meaning the inoculum has been able to adapt to the waste. Although
the DMF has a C:N ratio far from the ideal, the low concentration of the waste has resulted in successful
acclimation. If one looks at the theoretical ammonia concentration after adding the DMF with low
concentration, one can see that it is well below the threshold on 200 mg/L; with a concentration of 40.48
mg/L (appendix C). This fits well with the literature saying ammonia acclimation is possible using low

concentrations.

From Figure 31 one can also read that low concentration of wastes in general, result in higher gas yield

per gram of COD added. However, this is inaccurate due to the high COD concentration added in the
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beginning, in order to investigate that further, one would have to start with the same low concentration. If
it proves to be the case that low COD concentration yield more methane, it would not necessarily mean
that it would be profitable in a large scale due to the fact that larger digesters would be needed. Looking
into that is a different study discussing the pros and cons with large digesters and large volumes of waste

versus higher yields of methane gas.

5.6 Production rates

The trends in gas and methane production rates are peaking right after feeding, as shown in the graphs
with the well-known wastes like gelatin, starch and tween. This was anticipated and was the reason for
the frequent measurements in the first 24 hours after feeding the reactors. An interesting observation is
that the production rate of the methane increases towards every spike, and is slow again right after the
spike. It is clear that the added substrate has a negative effect on the methane production rate as the
methanogens to adapt to the new substrates and concentration added in spike 1 and a change in

concentration in spike 2.

The model waste that most clearly differs from the general trend is propylene glycol, where the gas
production rate is close to the maximum rate observed from this waste. When looking at the methane
production rate the difference from the others is even more evident as the peak production rate, measured
at 260 hours, is twice as high as the peak between spike 1 and 2 and at that time the methane production
rate is significantly higher than for that of the control substrate, this shows a clear acclimation. This can
lead to the conclusion that propylene glycol at the COD concentration of 4 g/L does produce biogas after

a long acclimation period. A change in retention times might be needed to maximize this gas production.
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6. Summary and Conclusion

In these experiments gas and methane production, as well as the production rates, have been found from
anaerobic digestion of different model wastes simulating the core part of wastes such as ADF waste,
effluent from film processing, diary and meat wastes, and FOG wastes. The results show that methane
production is lagging compared to the gas production for all wastes, meaning that methanogens need time
to adapt to new concentrations of waste as well as new kinds of wastes. Some wastes have proven to have

inhibitory effects, while others yield more gas than the control substrate.

From the results obtained it is evident that, compared to the gas and methane production of the control
substrate that is already in use in the plant, gelatin and starch are well suited for degradation and gas
production, as they perform better with respect to gas production. Knowing this, one could argue that
there is a potential for improvement in the biogas production at the treatment plant as these wastes are
singular and homogeneous, meaning that there are limiting factors due to absence of essential nutrients.
The inoculum has proven to be able to adapt to the PG wastes, and there are indications of the same for
EG wastes. The gas production for the tween 80 waste produce the same amount of gas as the EG and PG
before the inoculum has adapted, and all these wastes would be considered unsuitable for gas production
in anaerobic digesters as long as the inoculum is not adapted.

For the DMFs, it is evident that the high concentration wastes are completely inhibitory to the
methanogens and therefore unsuitable. But with low concentrations the digester was able to handle the
waste and produce gas. Therefore, one could say that the starch and gelatin wastes are suitable, the tween
and glycols have potential if an acclimation time is allowed, and the DMF is completely inhibitory at the
COD concentration of 4 g/L, but at low concentrations DMF is degradable. As this part of the project has
solely focused on singular model wastes, and some of them have proven to yield more gas than the
control, there are many ways to advance this research in terms of investigating the troublesome wastes
like tween, EG, PG and DMF further, as well as optimizing the gas production of all wastes, including the

control waste, by mixing different wastes.

6.1 Recommendations for further work

There are many ways to advance this research. From this, the well-known wastes have confirmed the
theory and hypothesis to some extent with gas production. However, to find a way to make the reactors
more efficient in terms of degrading the wastes and utilizing the COD for methane production, different
ways of treating the wastes should be explored; longer runs could result in higher methane contents, like

the studies on starch wastes and proteinaceous wastes that achieve a biogas production with a methane
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content approaching up to 60%(Kryvoruchko et al., 2009, Fang and Chung, 1999, Elbeshbishy and
Nakhla, 2012). Longer times in the reactors will also shed more light upon the question of acclimation of
the inoculum as the glycol based wastes seem to require a long acclimation time. It would be interesting
to see the further development in gas and methane production as from these wastes, together with the low
concentration of DMF, to see if they eventually would reach the same gas production as the conventional

wastes.

Different COD concentrations of the various wastes should be investigated in order to find the
concentration of each waste that yield the most in terms of COD added. When doing this the same COD
concentration should be used from hour 0 with the feed of control substrates. However, one should also
take into consideration the full-scale operation when choosing the desired concentration of the waste
added, as too low concentrations might lead to less waste being processed, or a need for larger digesters.
It is also important to check different concentration in order to find the concentration most suited to lead
to acclimation to possibly inhibitory substrates as DMF, FOG and the glycols.

Another recommendation is, as most of the studies have shown that, co-digestion of different wastes is
important to find the maximum methane potential of the different wastes, even studies with pure
carbohydrate wastes found a better methane yield if that was mixed with protein wastes (Elbeshbishy and
Nakhla, 2012). Zitomer found that co-digestion with municipal wastes and aircraft deicing fluids would
increase the potential organic loading rate from 0.65 to 1.6 COD/L-d(Zitomer et al., 2001), and co-
digestion of FOG-wastes have been proven to be economically and environmentally sustainable method
of waste disposal as well as increasing digester gas production with for example in co-digestion with
municipal sewage sludge; a feed of 10-30% of FOG wastes with the rest being municipal sewage sludge

gave an increase of 30-80% in gas production.(Long et al., 2012b)

A natural path to further the research is testing in lab-scale reactors using proper wastes; dairy, fat, oil and
grease, meat, film processing chemicals, and airplane de-icing. These would probably behave slightly
differently than the model wastes as the COD there are not completely homogeneous like the model
wastes. It is also important to test lab-scale reactors with wastes that are intended for the full-scale
digester, but the more knowledge acquired in the field prior to full-scale digestion, the better. That way,
the best combinations and concentrations of the wastes are known and one can maximize the production

of biogas and degrade as much waste as possible.
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So, in short, the further research should include:

o Different retention times, especially a pro-longed period after the last spike in order to exhaust the
inoculum and utilize as much of the COD as possible

o Different concentration of wastes

e Mix the wastes to find the best possible combination and contents of different wastes in co-
digestion.

e Investigate the proper wastes as they come to the treatment plant.

When this has been investigated, one has to look at the practical aspects of implementing this in the
treatment plant; the capacity of existing anaerobic digesters, seasonal differences (aircraft deicing fluids
will mainly be a concern in the winter), and what concentrations one should aim to digest in order to be

able to keep the tanks at a reasonable size, but still have a methane yield as high as possible.
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Appendix A - Calculations

Calculations

In order to obtain a COD concentration of 4000 mg/L, the different chemicals had to be diluted with PBS.

Control feed

The solution of the control feed consisted of 50% of thickened waste activated sludge and 50% of

thickened primary sludge.
Initial COD value of control feed: 50000 mg/L, value given by the treatment plant
Total volume of inoculum and feed in serum bottle: 70 mL

Needed amount of COD

- - Initial COD concentration = Wanted COD concentration
Total volume in serum bottle

X ml 5000029 = 40009
70 mL L L
X =5.6mlL

The amount of needed feed for the control bottles is 5.6 mL
The inoculum is fed by 10 mL of feed, giving a total volume of 70 mL

Therefore the feed added consists of:

Constituents of feed Volume Necessary
TWAS 2.8 mL

TPS 2.8 mL

PBS 4.4 mL
Tween 80

Polyoxyethylene (20) sorbitan monooleate
Chemical formula: CeaH124026

Reaction with oxygen: CegH12402 + 820, =64CO, + 62H,0
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Total volume of inoculum and feed in serum bottle: 70 mL

Molecular Weight O, 32 g/mol

Desired COD concentration 4000 mg/L

COD additive 4g/L

COD added 0.125mol/L - 0.070 L = 0.00875 mol

From the reaction: 1 mol CgsH1,40,6 to 82 mol O,
1mol

Needed CoaHi240z6 0.00875 mol - —2— — 0.1067 mmol
82mol

Molecular weight CgqH124026 1310 g/mol

Needed C64H124026 (maSS) 0.1067 mmol -1310 g/mol = 0.1398 g

DenSity C64H124026 1.06 g/mL

Volume C64H124026 0.148 mL

Constituents of solution

Volume Necessary

Tween 80 0.148 mL
PBS 9.852 mL
Starch
Chemical formula: CeH1005
Reaction with oxygen: CgHoOs + 60, = 6CO, + H,0O
Total volume of inoculum and feed in serum bottle: 70 mL
Molecular Weight O, 32 g/mol
Desired COD concentration 4000 mg/L
COD additive 4g/L
32 g/mol 0.125 mol/L
COD added 0.125mol/L-0.070 L = 0.00875 mol

From the reaction: 1 mol C¢H;,0s5 to 6 mol O,

Needed CgH10O05

1mol
0.00875 mol - —— = 1.4583 mmol
6mol

Molecular weight C¢H1,0s

162 g/mol

Needed CgH;005 (mass)

1.4583 mmol - 162 g/mol = 0.2362 g
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Constituents of solution Volume Necessary
Starch 0.2362 ¢

PBS 10 mL

Gelatin

Chemical formula: Mixture of various peptides and proteins

Total volume of inoculum and feed in serum bottle: 70 mL

1 g gelatin 1.08 g COD
Desired COD concentration 4000 mg/L

COD additive 4 g/L

COD added 4g/L-0.070L =0.28g

1 g gelatin =1.08 g COD

Needed Gelatin

0.28 g COD - 1 g gelatin

=0.2 ]
1.08 g COD 0.2593 g gelatin

Constituents of solution

Volume Necessary

Gelatin 0.2593 ¢

PBS 10 mL
Propylene Glycol

Chemical formula: C3HgO,

Reaction with oxygen: Cs;HgO, + 40, = 3CO, + 4H,0

Total volume of inoculum and feed in serum bottle: 70 mL

Molecular Weight O, 32 g/mol

Desired COD concentration 4000 mg/L

COD additive % — 0.125 mol/L

COD added

0.125mol/1-0.070 1 = 0.00875 mol

From the reaction: 1 mol C;HgO, to 4 mol O,

Needed C3;HgO,

1mol
0.00875 mol - —— = 2.1875 mmol
4mol

Molecular weight CsHgO;

76 g/mol
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Needed CsHgO, (mass)

2.1875 mmol - 76 g/mol = 0.16625 g

Density C3HgO,

1.036 g/mL

Volume C;H30,

0.1605 mL

Constituents of solution

Volume Necessary

Propylene Glycol 0.1605 mL

PBS 9.8395 mL
Ethylene Glycol

Chemical formula: C,Hs0,

Reaction with oxygen: 2C,H¢O, + 50, =3CO, + 6H,0

Total volume of inoculum and feed in serum bottle: 70 mL

Molecular Weight O, 32 g/mol

Desired COD concentration 4000 mg/L

COD additive 324gg//nI;Ol — 0.125 mol/L

COD added

0.125mol/L - 0.070 L = 0.00875 mol

From the reaction: 1 mol C,HO, to 2.5 mol O,

Needed C2H602

2mol
0.00875 mol - —— = 3.5 mmol
5mol

Molecular weight C,H¢O; 62 g/mol

Needed C,HsO, (mass) 3.5mmol - 62g/mol = 0.217 g
DenSity C,Hs0, 1.1132 g/mL

Volume C,HgO, 0.1949 mL

Constituents of solution

Volume Necessary

Ethylene Glycol

0.1949 mL

PBS

9.8051 mL

Dimethylformamide

COD =4000 mg/l
Chemical formula: C;H;NO

Reaction with oxygen: 4C3;H;NO + 210, =12CO, + 14H,0 + 4NO,
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Total volume of inoculum and feed in serum bottle: 70 mL

Molecular Weight O, 32 g/mol

Desired COD concentration 4000 mg/L

COD additive 4g/L

COD added 0.125mol/L-0.070 L = 0.00875 mol

From the reaction: 1 mol C;H,;NO to 21/4 mol O,

Needed CoH/NO 0.00875 mol - — L _ 1 667 mmol
21mol

Molecular weight C3H;NO 73 g/mol

Needed C3H;NO (mass) 1.667 mmol -73g/mol =0.122 g

Density CsH;NO 0.950 g/mL

Volume C;H;NO 0.1281 mL

Constituents of solution

Volume Necessary

Dimethylformamide (DMF) 0.1281 mL
PBS 9.8719 mL
COD =400 mgl/l
Chemical formula: CsH;NO
Reaction with oxygen: 4C3;H;NO + 210, =12CO, + 14H,0 + 4NO,
Total volume of inoculum and feed in serum bottle: 70 mL
Molecular Weight O, 32 g/mol
Desired COD concentration 400 mg/L
COD additive 0.4 g/L
32 g/mol 0.0125 mol/L
COD added 0.0125mol/L-0.070 L = 0.000875 mol

From the reaction: 1 mol C;H;NO to 21/4 mol O,

Needed CsH/NO 0.000875 mol - —°L. _ 01667 mmol
21mol

Molecular weight CsH;NO 73 g/mol

Needed C3;H;NO (mass) 0.1667 mmol -73g/mol = 0.0122 g

Density CsH;NO 0.950 g/mL

Volume C;H;NO 0.01281 mL
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Constituents of solution Volume Necessary

Dimethylformamide (DMF) 0.01281 mL

PBS 9.98719 mL

Ammonia concentration in DMF reactors:

6 14 10
CrHsNO + 7 H0 = —CH, +~-C0; + NHj

DMF (4 g COD/L):

1.667 mmol DMF — 1.667 mmol NHj

Molecular weight NH3: 17 g/mol

Amount of NH3 in the reactor: 17 mg/mmol - 1.667 mmol = 28.33 mg
Volume reactor: 0.07 L

Concentration NHs: 28.33 mg / 0.07 L = 404.77 mg/L

DMF (0.4 g COD/L):

0.1667 mmol DMF — 0.1667 mmol NH;

Molecular weight NH3: 17 g/mol

Amount of NHj3 in the reactor: 17 mg/mmol - 0.1667 mmol = 28.33 mg

Concentration NH;: 2.833 mg / 0.07 L = 40.477 mg/L
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Appendix B — Methane Production
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Graph showing methane production from reactors with gelatin substrate and control substrate. The period before spike 1
has a COD in the form of control substrate for all reactors. Wastes added at the spikes and the first feed make the COD

concentration in the reactor reach 4 g/L unless stated otherwise.
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Graph showing methane production from reactors with gelatin substrate and control substrate from spike 1 and
onwards. In spike 2 the reactors are fed with 10 mL of the wastes. Same volume is removed before. If not stated

otherwise, the COD concentration is 4 g/L.
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Graph showing methane production from reactors with glycol substrates and control substrate. The period before spike 1
has a COD in the form of control substrate for all reactors. Wastes added at the spikes and the first feed make the COD
concentration in the reactor reach 4 g/L unless stated otherwise.
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Graph showing methane production from reactors with glycol substrates and control substrate from spike 1 and
onwards. In spike 2 the reactors are fed with 10 mL of the wastes. Same volume is removed before. If not stated
otherwise, the COD concentration is 4 g/L.
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Graph showing methane production from reactors with DMF substrates and control substrate. The period before spike 1
has a COD in the form of control substrate for all reactors. Wastes added at the spikes and the first feed make the COD
concentration in the reactor reach 4 g/L unless stated otherwise.
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Graph showing methane production from reactors with DMF substrates and control substrate from spike 1 and onwards.
In spike 2 the reactors are fed with 10 mL of the wastes. Same volume is removed before. If not stated otherwise, the COD

concentration is 4 g/l.
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Appendix C — Measured Accumulated Volumes

Graphs showing the accumulated volumes (gas and methane) recorded for each waste from each run.
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Graph showing the average accumulated gas production recorded from the reactors in Run 1. Volumes are shown with
standard deviations

80



Run 2
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Graph showing the average accumulated gas production recorded from the reactors in Run 2. Volumes are shown with

standard deviations
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Graph showing the average accumulated methane production recorded from the reactors in Run 2. VVolumes are shown

with standard deviations
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Run 3
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Graph showing the average accumulated gas production recorded from the reactors in Run 3. Volumes are shown with
standard deviations
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Appendix figure 1 - Graph showing the average accumulated methane production recorded from the reactors in Run 3.
Volumes are shown with standard deviations
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Run 4
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Graph showing the average accumulated gas production recorded from the reactors in Run 4. Volumes are shown with
standard deviations
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Graph showing the average accumulated methane production recorded from the reactors in Run 4. VVolumes are shown
with standard deviations
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