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Abstract

Methane fermentation (biomethanogenesis) performed by a multicomponent microbial
consortium under anaerobic conditions results in a mixture of approximately 65 % CHy, 30 % CO,,
1 % H,S and minor amounts of Ny, Oy, Hy and CO. The peculiarity of biomethanogenesis lies in
the ability to convert almost all classes of organic compounds, household, agricultural and some in-
dustrial waste into biogas. We were the first to assess the efficiency of the biogas production from or-
ganic waste as influenced by various materials derived from amaranth (Amaranthus cruentus L.)
which were used as co-substrates. Our findings indicate that optimization of the substrate organic
matter composition by using dry phytomass of amaranth plants or amaranth pulp which remains af-
ter removing all practically valuable substances makes it possible to produce biogas from sewage
sludge. This facilitates solving ecological problems of waste disinfection and utilization, and gives us
an alternative, cheap and renewable source for fuel. Cultivated A. cruentus is a high-yielding protein-
rich crop. Its biomass serves as a reproducible raw material. In our previous works, we reported the
technology for rutin, vegetable protein and pectin production from A. cruentus plants, and suggested
a scheme for complex processing which includes extraction of these substances from amaranth dry
phytomass in a single technological cycle. The pulp obtained after extraction of all valuable com-
pounds was proposed as a co-substrate for organic waste anaerobic fermentation. We modeled the ef-
fect of amaranth-derived substances on biogas production in the laboratory bioreactor using large-
tonnage urban sewage sludge as a substrate. It was shown that the doses of the additives affected the
process, i.e. the excess of amaranth plant mass (74 % and 87 %) suppressed methanogenesis. The
thermophilic (50 °C) fermentation was found to be superior to the mesophilic one (37 °C), with the
biogas production of 354 ml per gram of dry matter, when large-tonnage sewage sludge after filter
press (45 % humidity) was fermented using amaranth pulp as the co-substrate. Moreover, in the
presence of amaranth pulp, the biomethanogenesis under the mesophilic conditions also increased,
the lag phase was almost absent, and the CHy level throughout the experiment was about 60 %. As a
result, the specific biogas yield reached 251.9 ml per gram of dry matter that is equivalent to ~ 0.25 m3
of the resultant biogas from 1 kg of organic raw material dry matter. In order to search for the active
fraction of amaranth phytomass, we used solvents of different polarity, i.e. dichloromethane, 70 %
aqueous ethanol and distilled water. It was found that the lag phase reduced to 10 days with the
CH,Cl, and EtOH extracts, which was comparable to that in the presence of dry amaranth phyto-
mass. Obviously, these extracts contain components which either undergo rapid destruction by mi-
croorganisms able to turn them into biogas, or contribute to bacterial growth. The dichloromethane
extract added to the substrate led to the most efficient biogas production, which is consistent with



the literature data. Our findings indicate the ecological and economic feasibility of using amaranth
pulp for organic waste bioconversion.

Keywords: Amaranthus cruentus L., amaranth, methanogenesis, co-substrate, amaranth
phytomass extracts, biogas, sewage sludge, amaranth pulp

Methanic fermentation, or biomethanogenesis, is a known process of bi-
omass-to-energy conversion [1]. Biogas (a mixture of approximately 65% CHy,
30% CO,, 1% H,S and minor amounts of N,, O,, H,, CO) is formed in anaer-
obic environment, by multielement microbial consortium, capable of converting
almost all classes of organic compounds, household, agricultural and some in-
dustrial waste into biogas [2]. Methanogenesis is executed by utterly specialised
prokaryotes, being very old archebacteria, or archea from the Methanobacterium,
Methanosaeta (Methanothrix), Methanococcus, Methanosarcina, Methanocorpuscu-
lum, Methanobrevibacteria and Methanopyrus genera [3-6].

The review of existing works related to obtaining of biogas [7-10] has
proved the problem on intensifying of methane fermentation of organic raw mate-
rial is still urgent. One of the most promising trends consists in search for plant
simulators and inhibitors of methanogenesis. E.g., a comparison was made be-
tween the composition of volatile fatty acids (VFA) and the output of biogas under
the effect of 13 plant extracts, selected according to the highest flavonoid activity
[11] (by fermentation of 50:50 mixture of herbal phytomass extract and barley-
corn). Experiments found that extracts of Lavandula officinalis and Solidago vir-
gaurea stimulate fermentation, while those of Equisetum arvense and Salvia offici-
nalis inhibit the yield of methane. Of special interest is the work that deals with
investigation into effect the herbaceous plant extracts (21 species) have on meth-
anogenesis, gram-positive and gram-negative bacteria, their antimicrobial poten-
tial, and destruction of dry substance in vitro [12]. The extracts were obtained
through the use of methanol, acetone or water, and the content of total sugars,
tannins and saponines was determined. Antimicrobial potential was estimated at
gram-positive streptococci and staphylococci and gram-negative bacteria Esherich-
ia coli and Enterobacter. Acetone and methanol extracts of Eucalyptus globulus and
water extract of Sapindus mukorossi and E. globulus inhibit methanogenesis in
vitro. The study the effect that saponine-rich extracts of Carduus, Sesbania and
Knautia leaves, and of common fenugreek seeds (Trigonella foenum-graecum) have
on fermentation in the scar, the output of methane and the microbial community
[13] has proved that saponines have antiprotozoal activity which is why they do
not suppress methanogenesis. The saponines of common fenugreek seeds boost the
activity of the scar content and affect the microbial community by reinforcing
growth of fiber decayers and suppressing the growing population of fungi.

Various plant biomass added in sediments of treatment facilities has gained
wide-spread acceptance in increasing of methane tanks capacity [14]. Added co-
substrates, e.g. manure, enrich carbon-poor substrate with an organic substance.
Europe employs plants in producing of more than 50% of its biogas [15, 16]. Still
urgent is the search of co-substrates for effective bioconversion of organic waste
from agriculture and municipal waters into high-methane biogas.

We were the first in studying phytomass and pulp of cultivated amaranth,
obtained after extraction of all practically valuable substances, as co-substrates,
and in finding of its optimum proportion with substrate (sediment of municipal
waters) to enhance formation of biogas and methane fermentation.

The work assessed the effect the red amaranth-based additives have on
effective conversion of sedimentary sludge in treatment facilities and of organic
waste into high-methane biogas.

Techniques. As a substrate, we used sediments of municipal waters
(SMW, humidity 80.4%; compacted SMW, humidity 98.4%; SMW after press-



filter, humidity 45.0% ) of the city of Kazan, as co-substrates, phytomass, pulp
after comprehensive processing (extraction of pectines, rutin and plant protein),
and alcohol, dichlormethane and water extracts of pulp of amaranth (Amaranthus
cruentus L.) plants (Dyuimovochka variety). To find elemental composition (C, H,
N and S) of substrate and co-substrate, we employed an analyzer CHN-3 (Khi-
mavtomatika, Russia); streptocide was a standard (C — 41.85 %, H — 4.65 %,
N — 16.26 %, S — 18.58 %).

Experiments varied type of substrate, type of co-substrate, substrate-co-
substrate ratio, temperature of incubation. Fermentation was made in laboratory
reactors that consists of water bath LB-160 and immersion circulating thermostat
LT-100 (bottles made of MTO BK3-50 glass, V = 500 ml) (LOIP, Russia).

To compare methane formation depending on co-substrate fraction
mixed with SMW (24, 52, 74 and 87 % on absolute dry weight, calculated with
regard to humidity of SMW and co-substrate), we used dried phytomass of ama-
ranth; to all sample we added 100.5 g of compacted SMW and fermented at
37 °C. The effect of mesophilic (37 °C) and thermophilic (50 °C) modes of in-
cubation was researched during fermentation of SMW after the filter-press (50.0
g substrate with 100 ml of distilled water added). The same experiment studied
the effect the amaranth pulp, as a co-substrate, has on effectiveness of meso-
philic (37 °C) fermentation (22.5 g substrate, 16.7 g pulp with 9.2 % humidity;
100 ml of distilled water). To understand the effect of pulp extracts, 0.2 g of di-
chloromethane (CH,Cl,), 0.2 g of alcohol (EtOH) or 2.3.g of amaranth water
extract (obtained by evaporation to dryness in rotary evaporator IR-1LT, Russia)
was added to substrate (mixture of 37.5 g of SMW and 105.0 g of compacted
SMW); for comparison, extracts were replaced with amaranth pulp (5.0 g) (in-
cubation at 37 °C).

Daily volume measurements estimated the output of biogas [17]. Gas-
liquid chromatography (GLC) controlled the methane content in samples
(CHROM-5, Laboratorni piistroje, Czechia, column 2.4 m with Porapak Q filler,
80-100 mesh, Sigma-Aldrich Co., USA; 80 °C; heat conduction detector, carrier
gas helium).

Changes in microorganisms composition in the process of SMW fermenta-
tion have been revealed by culture on methanogenic media [18] and Gram stain-
ing with further microscopy (MBI-15, LOMO, Russia).

Origin 6.1 siftware was used to process data (https://softadvice.infor-
mer.com/Origin_6.1 Free Download.html). Tables and figures show means (M)
and standard errors of means (XSEM). Significance of differences was estimated
by Student’s #-criterion. The distinctions were considered statistically significant
at p = 0.05.

Results. Amaranthus cruentus was chosen because protein-high biomass
[19-21] of this high-yielding crop can be an industrially reproducible plant raw
material. As a part or research, we developed unique methods and scheme for
obtaining rutin, plant protein and pectin during comprehensive processing of
amaranth [20] based on extraction from dried phytomass in a single technologi-
cal cycle.

1. Elemental composition of sediment of municipal waters (SMW), phytomass and
amaranth (Amaranthus cruentus L., Dyuimovochka variety) pulp used for labora-
tory simulation of the biogas production

Substrate, co-substrate | C, % | H% | N, % | C/N
Compacted SMW 34.65 6.20 7.15 4.9
SMW 39.82 7.05 5.81 6.9
Amaranth phytomass 36.98 4.67 3.47 10.7

Amaranth pulp 42.11 6.42 5.20 8.1




Tables 1 and 2 contain properties of substrates and co-substrates used in
the experiment. Methanogenesis was simulated in laboratory, with the use of bi-
oreactor (Fig. 1).

2. Properties of substrates having various content of dried amaranth (Amaranthus
cruentus L., Dyuimovochka variety) phytomass used for laboratory simulation of
the biogas production (n» = 3, M*SEM)

Amaranth, % \ Dry substance, g \ Organic dry substance, g \ Humidity, %
24 11.2+0.34 7.31£0.22 92.1+£2.76
52 15.9£0.48 11.3+0.34 89.0+2.67
74 18.1£0.54 13.7£0.41 86.71£2.60
87 21.510.65 16.910.51 83.212.50

Kinetics of CH4 formation with 24,
52, 74 and 87 % of dried amaranth phyto-
mass added as co-substrate (Fig. 2) has
proved the biogas yield is the highest at
24% (291.1 ml/g of dry substance, p = 0.05).
The effect retained for 50 days (Table 3),
with approximately 60% of CH4 in biogas
(see Fig. 2). More objective criterion of the
process efficiency is a specific yield of biogas
in terms of content of organic dry substance
5 in the substrate that, too, was high (see Ta-
Fig. 1. Laboratory facility for biogas obtaining ble 3).
(V = 500 ml, LOIP, Russia). Adding of 52% of amaranth pro-
duced 226.6 ml/g of biogas in dry substance
(true at p = 0.05). Biogas had been forming for 138 days and contained, approxi-
mately, 55% of methane (see Fig. 2).

Fig. 2. Kinetics of CH4 formation during bio-
conversion of sediment of municipal waters vs.
content of amaranth (4Amaranthus cruentus L.,
Dyuimovochka variety) dry biomass in the
substrate: 1 — 24 %, 2 — 52 %, 3 — 74 %,
4 — 87 % (average for 3 repetitions, labora-
tory trial).

With 74% amaranth phy-
tomass content, the process had
prolonged lag phase: gas formation
activated no sooner than in 110
days. Excess of amaranth suppressed
methanogenesis, and specific output of biogas made 127.8 ml/g in dry substance
(see Table 3). With 87% amaranth, biogas contained not more than 30% of me-
thane (see Fig. 2) at biogas yield of 29.1 ml/g in dry substance (p = 0.05, see
Table 3).

3. Production of biogas during bioconversion of sediment of municipal waters vs.
content of amaranth (Admaranthus cruentus L., Dyuimovochka variety) dry phyto-
mass in substrate (n = 3, MESEM, true at 5% significance level, laboratory trial)

1 1 I 1 1 1 I 1 1 1 I 1 I 1 T
7 15 22 28 41 50 57 63 78 84 104 111117124132 138
Days

Amaranth. % Specific yield
70 ml gas/ml substrate \ml gas/gdry substance \ml gas/g organic dry substance
24 23.0%1.152 291.1£14.60 445.1+£22.26
52 24.9+1.252 226.6+11.33 318.5£15.93
74 17.0£0.85 127.8+6.39 168.418.42
87 4.71£0.24 29.1+1.46 36.9+1.85

N ot e. Between variants marked as 2 there are no statistically significant differences at p = 0.05.

A comparison of these results with the data presented in the Table 2 has



proved optimum humidity of substrate for biogas should be not less than 90%, and
gas formation decreases with its reduction. Consequently, adding of amaranth
phytomass to substrate was only effective at certain quantitative relationship with
SMW, whereas excessive amaranth phytomass suppressed methanogenesis.

Figure 3 illustrates dynamics of SMW pH change with 52% amaranth phy-
tomass added.

6.6 Fig. 3. Rise of acidity during anaerobic fer-
6.4 mentation of sediment of municipal waters
) with 52% dry biomass of amaranth (4maran-
6.2 thus cruentus L., Dyuimovochka variety) (aver-
6.0 age for 3 repetitions, laboratory trial).
T 5.8

564 Lag phase in mesophilic
5.4 mode took 30 days, when co-
50 substrate was amaranth pulp, re-
LX) ER—— — Mmained after comprehensive pro-

rrrrrri
1357911315171 cessing and extraction of pectines,

rutin and plant protein [22, 23]. On
obtaining of maximum daily yield of biogas (appr. 120 ml on day the 40), high
content (60%) of CH4 was noted in it (Fig. 4). Specific productivity in experi-
ment made 134.7 ml/g of dry substance (p = 0.05, Table 4). In thermophilic
mode, the volume of the gas formed was considerably greater: for longer than 20
days, its yield exceeded 200 ml. In addition, lag phase reduced to 14 days when
biogas contained more than 50% of CHy (see Fig. 4).

Fig. 4. Content of CHy in bi-
60 ogas at various temperature
modes for anaerobic fermen-
tation of sediment of munici-
pal waters (SMW) in the
presence of amaranth (4ma-
ranthus cruentus L., Dyuimo-
vocka variety) pulp: a — SMW
at mesophilic mode (37 °C),
b — SMW at thermophilic
mode (50 °C), ¢ — SMW,
o L and pulp at mesophilic mode
5 12 19 26 35 40 49 57 (n = 3, p = 0.05, laboratory
Days trial).

404

Methane, %

20

4. Biogas production during bioconversion of sediment of municipal waters (SMW) vs. tem-
perature mode and content of amaranth (Amaranthus cruentus L., Dyuimovochka variety)
pulp in substrate (n = 3, MEXSEM, true at 5% significance level, laboratory trial)

L. Specific yield
Composition Mode ml gas/ml substrate \ ml gas/g dry substance)
SMW Mesophilic, 37 °C 20.5%+1.032 134.716.74
SMW + amaranth pulp Mesophilic, 37 °C 22.7+1.142 251.9£12.60
SMW Thermophilic, 50 °C 53.1£2.66 354.0£17.70

N ote. Between variants marked as 2 there are no statistically significant differences at p = 0.05.

Specific yield of biogas made 354.0 ml/g of dry substance (p = 0.05), that
points to the advantage of thermophilic mode of SMW amaranth-free fermenta-
tion. Amaranth added to substrate increased yield of biogas in mesophilic mode
(with lag phase almost omitted, on day 12 the volume of biogas reached 80 ml
for 62% of CHy4) (see Fig. 4). It was only after 60 days, that yield of gas
dropped to 20 ml, with approximately 60% of CH4, before the experiment had
been completed. With amaranth pulp added in mesophilic mode, specific yield
of biogas made ~ 0.25 m3 per 1 kg of dry substance of organic raw material.



Fig. 5. Kinetics of biogas production dur-
ing bioconversion of sediment of municipal
waters with added alcohol (1), dichlor-
methane (2) and water (3) extracts and
amaranth (Amaranthus cruentus L., Dyu-
imovocka variety) pulp (4) (average for 3
repetitions, laboratory trial).

Biogas volume, ml

Dichlormethane extract
of amaranth phytomass [22] has
green color through the pres-
ence of chlorophyll, water ex-
tract contains carbohydrates, pro-
teins, mineral salts and amarantite, whereas the ethanol extract is rich in phenol
compounds rutin and quercetin. After three extractions, the pulp contained fiber,
carbohydrates and pectines [22]. Kinetics of gas formation observed during mes-
ophilic fermentation of SMW and compacted SMW mixture (Fig. 5) has proved
that CH,Cl, and EtOH extracts added to substrate reduced lag phase to 10 days.
This effect is comparable with that of amaranth phytomass. Clearly, dichlor-
methane and ethanol extracts contain components that either destruct easily
when exposed to microorganism community converting them to biogas, or help
in the growth of biomass. CH,Cl, extract added to substrate marked the most ef-
fective formation of biogas, which is consistent with the literature data [11, 24-
27] (Table 5).

5. Production of biogas during bioconversion of sediment of municipal waters with

various extracts and amaranth pulp (Admaranthus cruentus L., Dyuimovochka va-
riety) added (n = 3, MEXSEM, true at 5% significance level, laboratory trial)

1 11 21 31 41 51 61 71 81 91 101

Specific yield
ml gas/ml substrate \ ml gas/g dry substance \ml gas/g organic dry substance

Co-substrate

CH,Cl, extract 162+0.8123 266.1£13.31b 433.5£21.68
EtOH extract 14.5£0.732 236.1£11.81¢.d 382.5+19.13¢
Water extract 16.6+0.832 221.8£11.09¢ 345.8+17.29¢
Amaranth pulp 23.7£1.19 259.1£12.96b. d 355.4+17.77¢

N ote. Between variants marked as 2 there are no statistically significant differences at p = 0.05.

With pulp added, specific yield of biogas made 259.1 ml/g of dry sub-
stance (p = 0,05), that can be related to a similar result (266.1 ml/g of dry sub-
stance) for extract obtained through the use of CH,Cl,, with 82.5% of CH4 on
day 98 (maximum value over the whole period of studies). We point out that
both amaranth pulp after three extractions (see Table 5) and amaranth phyto-
mass (see Table 3) serve as an activating co-substrate for methanogenesis (RF
Patent No. Ne 2351552). Hence, in the presence of amaranth pulp, biomethano-
genesis, too, increases its productivity in mesophilic mode (by 12.8 %, p = 0.05),
that, in general, increases the efficiency of comprehensive processing of raw ob-
tained during growing of this plant. The results presented have confirmed envi-
ronmental and economic feasibility of amaranth pulp use.

Microbiological study of samples during anaerobic fermentation of SMW
has proved that typical of the original substrate is the presence of large eukaryotic
forms. Gram-positive small rod bacteria, both single ones and in long chains, domi-
nated in the medium at the maximum activity of gas formation (day 40). Very small
single forms were more typical for acetate-based nutrient medium. Smooth and
rough colonies grew on MPA [18]. Considerable amount of very small colonies
has grown at the medium for methanogens. Both gram-positive and gram-negative
forms were found.

Eventually, our studies have proved that optimized substrate of organic



substance with the use of amaranth phytomass/pulp affords higher effective pro-
duction of biogas from the sediment of municipal waters, thus attacking the
problem of waste disposal and getting the fuel from a cheap renewable source.
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