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Spent Mushroom Substrate as a Supplementary
Material for Sewage Sludge Composting Mixtures

Zuzyte podtoze popieczarkowe jako materiat pomocniczy
do przygotowywania mieszanek kompostowych z osadéw sciekowych

Spent mushroom substrate (SMS) is a byproduct from mushroom production. On aver-
age, it shows low content of organic matter but contains relatively high quantity of nitrogen
(2.4%). SMS could be recycled as a soil amendment or could be an alternative for peat.
Some studies indicate that SMS could be used as a supplementary material in composting of
various biodegradable waste and municipal sewage sludge (SS). In composting, spent mush-
room substrate could function as a bulking agent and provide structure in composting piles.
The overall goal of this study was to determine whether SMS can be used as a supplemen-
tary material for preparation of composting mixtures of sewage sludge and could allow the
achievement of the recommended values of moisture content (50-60%), C/N ratio (25-35:1)
and air-filled porosity (at least 75%) in the final composting mixtures. Due to high moisture
content, low C/N ratio and lack of structure municipal sewage sludge cannot be composted
alone. The addition of a supplementary material to municipal sewage sludge should provide
adequate structure (for maintaining optimal air-filled porosity in a composting pile), mois-
ture content and C/N ratio in the composting mixtures. The investigated SMS showed lower
moisture content, organic matter, C/N ratio and mechanical strength in comparison to typi-
cal supplementary materials used in composting of sewage sludge (e.g. wheat straw or wood-
chips). The addition of SMS to SS (up to the ratio of SS:SMS 1:6) did not allow the achieve-
ment of the recommended values of moisture content, C/N ratio and air-filled porosity
within a 2 m composting pile. Therefore, the investigated spent mushroom substrate cannot
be considered a suitable bulking agent for preparation of municipal sewage sludge compost-
ing mixtures. However, SMS could be used for composting of other biodegradable waste
which shows lower moisture content, higher C/N and better structure or for composting of
sewage sludge together with lower quantities of other supplementary materials such as
wheat straw.
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Due to excessively high moisture content and low C/N ratio municipal sewage
sludge cannot be composted alone. High moisture content (80+85%), low C/N ratio
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(7+10%), plastic and dense structure susceptible to compaction, high bulk density
(800+1050 kg m™) and low air-filled porosity (15+30%) of sewage sludge do not
allow fulfilling the requirements for successful composting [1, 2]. Some studies
demonstrated that composting of municipal sewage sludge alone or with the addi-
tion of zeolites did not allow the increase in temperature to the thermophilic values
which are typical for composting. According to some studies, the highest tempera-
ture observed during composting of municipal sewage sludge was of 33°C [2].
Therefore, composting of municipal sewage sludge requires the addition of sup-
plementary materials that provide proper structure in a composting pile (allowing
adequate air-filled porosity and permeability), optimal water content and C/N ratio.

There is a diverse group of supplementary materials (also referred to as addi-
tives or amendments) for composting which includes different types of materials.
Straw or woodchips are the most commonly used in composting. Supplementary
materials perform various functions at the initial stage of composting such as
providing structure (referred to as bulking agents) or amending the composition of
composting mixtures (referred as amendments). Different types of straw or woody
biomass - that are often used in composting - are becoming less available for
composting due to increasing number of other applications, and also the increase
in price [3]. Therefore, there is a need for alternative supplementary materials that
can be used in the process of composting. Different types of waste or agricultural
resides can be used as supplementary materials in composting of sewage sludge or
other biodegradable waste. Recently, there is an increased interest in spent growing
media that are used in greenhouse cultivation of e.g. strawberry, tomato or mush-
room [4, 5]. These materials demonstrate potentials for agricultural recycling e.g.
as a soil amendment or producing value-added products [4, 5].

Spent mushroom substrate is a by-product from mushroom mycelium left after
harvesting of mushrooms. On average, spent mushroom substrate is rich in nitro-
gen. It is estimated that production of 1 kilogram of mushroom generates about
5 kg of spent mushroom substrate. China is the leader in mushroom production
and generates about 150 thousand tons of spent mushroom substrate per year [6].
In some countries (e.g. China) the management of spent mushroom substrates poses
many difficulties. It can be recycled as a soil amendment and a potential alternative
for peat [7] but there are other applications currently under investigations such as
composting of SMS with other waste materials [7], production of methane through
anaerobic digestion with selected waste types [6] or converting SMS into biochar
[6, 8]. The literature gives the examples of studies on using spent mushroom
substrate for composting of various biodegradable waste and sewage sludge [7, 9].
For example, two types of SMS were used for composting of winery sewage
sludge. Those types of SMS showed moisture content of 52.6 and 58.3%, pH of 7.2
and 7.8, total organic carbon of 24.9 and 48.3%, total nitrogen content of 2.16 and
1.61%, and C/N of 15.1:1 and 30.0:1, respectively [9]. Other researchers used spent
mushroom substrate for composting of municipal sewage sludge with the addition
of woodchips and pumice. The investigated SMS showed moisture content of 33%,
organic matter of 80%, pH of 6.34 and C/N of 33.5:1 [10]. Recent study indicated
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that spent mushroom substrate (SMS) and sucrose (S) amendment had effects on
the emission of NH; and N,O and the quality of sewage sludge composts. Accord-
ing to this study, it can be concluded that the best composting results were obtained
using 30% SMS and 2% S. Such composition of the composting mixture promoted
dehydrogenase activity, humification, nitrification index and degradation of organ-
ic matter in the process of composting [11].

However, the literature does not provide sufficient information on the proper-
ties of spent mushroom substrate. In particular, there is little known about physical
properties such as bulk density, air-filled porosity, mechanical strength that would
allow evaluation of spent mushroom substrate as a supplementary material for
composting of sewage sludge.

The overall goal of this study was to analyze the potentials of spent mushroom
substrate as a supplementary material for preparation of sewage sludge composting
mixtures. The scope of the study included: (1) determination of physicochemical
and physical properties of spent mushroom substrate and sewage sludge, (2) prepa-
ration of composting mixtures, (3) determination of physicochemical and physical
properties of composting mixtures prepared with sewage sludge and spent mush-
room substrate and (4) simulation of bulk density and air-filled porosity changes
in a composting pile built with the investigated composting mixtures.

1. Materials and methods

1.1. Materials
1.1.1. Substrates

Dewatered anaerobically stabilized sewage sludge (SS) was collected from
a municipal wastewater treatment plant (located near Poznan, Poland). Spent
mushroom substrate (SMS) was sampled from a local mushroom production
facility (located near Poznan, Poland). The investigated materials were subjected
to laboratory analysis of physicochemical and physical properties. This included:
bulk density (BD), air-filled porosity (AFP), mechanical strength (MS), moisture
(MC) and organic matter (OM) content, total organic carbon (TOC), total nitrogen
(TN) and pH. Also, spent mushroom substrate was tested for water holding
capacity (WHC).

1.1.2. Composting mixtures

Municipal sewage sludge was mixed with spent mushroom substrate in the
weight ratio of 1:1.2, 1:2.4 and 1:6.0 (on dry basis, d.b.) (Table 1). In addition,
the weight ratio (d.b.) was also expressed on wet basis (w.b.). Also, the volumetric
ratio for the investigated mixtures (w.b.) was provided. The investigated compost-
ing mixtures were tested for bulk density, air-filled porosity and mechanical
strength (in three replications).
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Table 1. Ratios of SS and SMS in the composting mixtures

Ratios
Composting Weight ratio Weight ratio Volumetric ratio
mixtures (wet basis) (dry basis) (wet basis)
SS SMS SS SM SS SMS

t t t t m’ m’

SS:SMS (1:1.2) 1 0.4 1 1.2 1 0.6
SS:SMS (1:2.4) 1 0.9 1 2.4 1 1.2
SS:SMS (1:6.0) 1 22 1 6.0 1 3.2

1.2. Methods

Sewage sludge and spent mushroom substrate were subject to laboratory analy-
sis for moisture content (MC), organic matter content (OM), total organic carbon
(TOC), total Kjeldahl nitrogen (TN), pH and bulk density (BD) (performed in three
replications). Moisture content, organic matter, C/N ratio of the investigated mixtures
were calculated from the initial values of moisture content, organic matter, total
organic carbon and total Kjeldahl nitrogen of each of the substrates. Moisture con-
tent was determined by oven drying in 105°C and organic matter was determined
by loss on ignition at 550°C for 6 h. pH of the investigated materials was measured
in water extracts in the ratio of 1:10 (v/v) using a pH/conductivity meter (CPC 411).
Water holding capacity (WHC) was determined by soaking a wet sample in a beaker
for 1 day and draining the excess water through a paper filter. Bulk density was mea-
sured by weighing the sample in a known volume [1, 12]. Air-filled porosity (AFP)
was calculated based on easily measured parameters such as bulk density (w.b.),
dry matter, organic matter and densities of water, organic matter and ash according
to the formula: AFP =1— BD[(1—DM)/pw + (DMOM)/pOM + (DM(1 — OM))/pash]
[1, 12, 13]. Mechanical strength (MS) was determined by the compaction device
described in the previous work [1, 12] from the initial bulk density, known applied
stress, and the maximum and minimum bulk densities for the investigated materials
and calculated from the formula described in the previous work [13]. Simulation
of changes in bulk density and air-filled porosity with the depth of a composting
pile was performed for a 2 m high pile built with the investigated substrates and
composting mixtures, as described in the previous work [1].

2. Results and discussion

2.1. Characteristics of substrates

The physicochemical and physical properties of the investigated sewage sludge
and spent mushroom substrate are presented in Table 2. Municipal sewage sludge
demonstrated typical properties for this kind of material. The content of moisture
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(83%), organic matter (74.9%, dry basis, d.b.) and total nitrogen (6%, d.b.) were
high. However, the content of organic carbon (41.6%) was rather low, and thus
the C/N ratio of SS was of 7. SS demonstrated plastic and dense structure and
susceptibility to compaction. The bulk density (BD, d.b.) was high (889 kg m™)
whereas mechanical strength (MS, Nm™?) was extremely low (6992 Nm™).
Air-filled porosity was of 27%.

The reported physicochemical and physical parameters showed that sewage
sludge cannot be composted without the addition of a supplementary material that
would provide structure to the initial mixture, and thus increase air-filled porosity
and mechanical strength, and also amend the moisture content and C/N ratio. Spent
mushroom substrate as a by-product from mushroom production showed low
content of organic matter but it showed relatively high content of nitrogen (2.4%).
Due to low content of organic carbon (33%) SMS demonstrated low C/N ratio
(14:1). Similar properties were reported by other researchers [9, 14]. As for physi-
cal properties, spent mushroom substrate demonstrated rather high bulk density
(538 kg m™), and thus low air-filled porosity when compared to typical composting
supplementary materials such as wheat straw or woodchips. Mechanical strength of
SMS - the property which shows the susceptibility to compaction in a composting
pile - was about 70000 Nm™ and was significantly lower than typical bulking
agents. Other researchers investigated the potential of spent growing media
(e.g. strawberry or tomato growing media) for composting as alternatives for sup-
plementary materials such as woodchips or straw. For example, spent strawberry
substrate showed bulk density of 375 kgm™, organic matter of 88.2%, dry matter
of 12.9%, C/N ratio of 35.5:1 and pH of 6.68. Spent tomato substrate showed simi-
lar properties to spent strawberry substrate (except from bulk density which was of
205 kgm™) - dry matter of 28.1%, organic matter of 78.6%, total nitrogen of 1.6%
and C/N ratio of 27.4 and pH of 6.45 [5].

Table 2. Characteristics of the investigated substrates

Parameters
Substrates DM | OM | TOC | TN | o | o |[WHC| MS | BD | AFP
% [%db.| % | % p % |[Nm?|kem?| %
124 | 749 | 416 | 6.00 6992 | 889 | 27.0
Sewagesludge | 63| 1002 | 2001 | z0.00| 7O | 7O | = | is06 | 423 | £10
Spent mushroom | 34.2 | 589 [ 327 [ 235 [ .o | 55 | 842 [70000] 538 | 548
substrate +1.1 +0.7 | 0.4 | £0.06 ’ ’ +1.5 +18 +42 +3.4

2.2. Characteristics of composting mixtures

The addition of spent mushroom substrate to municipal sewage sludge in the
selected ratios (Table 1) resulted in the changes of initial moisture content, bulk
density and air-filled porosity, and C/N ratio of the investigated mixtures (Table 3).
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Table 3. Selected parameters of the investigated composting mixtures

Composting mixtures
Parameters
SS:SMS (1:1.2) | SS:SMS (1:2.4) | SS:SMS (1:6.0)

MC, % 81.0 77.5 72.6

OM, % d.b 66.2 63.6 61.2

C/N 9.0 10.0 12.0

MS, N m™ 9452 +245 15902 +353 39478 +2068
BD, kg m™ 68419 725441 612+13
AFP, % 37.5+0.9 349+3.7 46.5+1.1

With increasing ratio of spent mushroom substrate in the mixtures moisture
decreased from 81.0 to 72.6%, organic matter decreased from 66.2 to 61.2%. Bulk
density also decreased which in turn resulted in the increase of air-filled porosity.
Also, there was an increase in the C/N ratio. Mechanical strength of the investigated
mixtures increased with the addition of spent mushroom substrate.

2.3. Changes in bulk density and air-filled porosity
with the composting pile depth

The initial physical properties of composting mixtures, i.e. moisture content,
bulk density, air-filled porosity and mechanical strength, determine the changes
in bulk density and air-filled porosity within the composting pile. In consequence,
this can affect the aeration and moisture transfer during composting. Therefore,
sewage sludge should be mixed with supplementary materials that assure optimal
parameters of composting mixtures. The investigated municipal sewage sludge
demonstrated excessively high moisture content (87%), low mechanical strength
(6992 N m ) and very high bulk density (889 kg m ™), and therefore sewage sludge
is susceptible to compaction. Simulation of changes in bulk density and air-filled
porosity with the depth of composting pile constructed only with sewage sludge
showed that bulk density increased with the pile depth, and thus air-filled porosity
decreased from 27% to 3+4% at the base of the pile (Fig. 1). As for a composting
pile constructed with only spent mushroom substrate bulk density and air-filled
porosity did not change significantly with the depth of the pile (Fig. 1). This means
that spent mushroom substrate is not susceptible to compaction in a pile.

Simulation of bulk density and air-filled porosity for the composting piles con-
structed with the investigated mixtures (i.e. SS:SMS 1:1.2, SS:SMS 1:2.4, SS:SMS
1:6) demonstrated that the addition of spent mushroom substrate to sewage sludge
had the impact on the changes in bulk density and air-filled porosity with the com-
posting pile depth. The addition of 2.2 tons of SMS to 1 ton of SS (or 3.2 m® of
SMS to 1 m’ of SS) allowed maintaining air-filled porosity within the composting
pile in the range of 46+38%. According to many researchers this air-filled porosity
does not allow adequate moisture and oxygen transport within the pile [13].
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Increasing the ratio of SMS in the mixture would result in increased volume of
the mixture which means lower quantities of SS to be composted.
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Fig. 1. Changes in bulk density and air-filled porosity with the composting pile depth
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Fig. 2. Changes in bulk density and air-filled porosity with the composting pile depth

2.4. Spent mushroom substrate as a supplementary composting material

Supplementary materials used for composting of sewage sludge should allow
achieving the recommended values of moisture content, C/N ratio and air-filled
porosity in the initial mixtures. The most common supplementary materials include
wheat straw or woodchips that function as bulking agents and amendments. Due to
high C/N ratio wheat straw can amend the C/N ratio and provide structure to sewage
sludge mixtures. However, as the availability of wheat straw or other commonly
used materials can be limited, there is a need for alternatives. Spent mushroom
substrate has been considered a supplementary material and an alternative for ma-
terials commonly used in composting. The investigated spent mushroom substrate
showed significantly higher moisture content and lower C/N ratio than other typical
materials. For example, MC and C/N ratio for wheat straw was about 14% and 69:1
[15] whereas MC and C/N for woodchips was about 17% and 35:1 [1], respectively.
As for physical properties such as bulk density, air-filled porosity and mechanical
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strength, the investigated spent mushroom substrate showed higher bulk density
(538 kgm™) than e.g. wheat straw (31 kgm™) or woodchips (179 kgm™), and
thus lower air-filled porosity (54.8%) than e.g. wheat straw (98%) or woodchips
(87%) [1]. Also, spent mushroom substrate demonstrated lower mechanical strength
(70 000 N'm™?) than e.g. woodchips (622 377 N'm%). However, mechanical strength
is a function of moisture content and increases with the decrease in water content
of the material [16, 17]. Due to high moisture content (66%) and water holding
capacity (84%), spent mushroom substrate did not allow to significantly reduce
moisture content of the investigated sewage sludge mixtures.

Conclusions

In this study, spent mushroom substrate was investigated as a supplementary
material for preparation of initial sewage sludge mixtures and as an alternative
for commonly used bulking agents such as straw or wood chips. We analyzed
the potential of spent mushroom substrate for proving structure to sewage sludge
mixtures and amending C/N ratio of those mixtures. Spent mushroom substrate
showed lower C/N ratio (13.9:1) in comparison to other bulking agents. Also,
it demonstrated lower mechanical strength and air-filled porosity. The addition of
spent mushroom substrate to sewage sludge up to the ratio of SS:SMS 1:6 did
not allow achieving the recommended values of C/N ratio and air-filled porosity
within a composting pile. Therefore, it has to be concluded that spent mushroom
substrate is not a suitable bulking agent for preparation of the initial mixtures of
sewage sludge. However, spent mushroom substrate could be used as a supplemen-
tary material for other types of biodegradable waste with higher C/N, lower moisture
content and the structure less plastic and susceptible to compaction than sewage
sludge. Also, spent mushroom substrate could be used for mixing sewage sludge
together with the addition of lower quantities of other supplementary materials,
e.g. wheat straw. However, this will require further studies.
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Streszczenie

Zuzyte podloze popieczarkowe (ZPP) to odpad powstajacy po produkeji pieczarki.
Charakteryzuje si¢ niska zawarto$cia materii organicznej, ale zawiera relatywnie znaczne
ilo$ci azotu (2,4%). Zuzyte podloze popieczarkowe moze by¢ wykorzystane w rolnictwie jako
polepszacz do gleby lub alternatywa dla torfu. Doniesienia literaturowe wskazuja, ze zuzyte
podloze popieczarkowe moze by¢ réwniez wykorzystane jako material pomocniczy w kom-
postowaniu réoznych odpadoéw biodegradowalnych czy tez komunalnych osadoéw $ciekowych
(0S). W procesie kompostowania zuzyte podloze moze pelni¢ funkcje materialu strukturo-
twoérczego i zapewniaé¢ odpowiednig struktur¢ pryzm kompostowych. Gléwnym celem badan
byla ocena mozliwosci wykorzystania zuzytego podloza popieczarkowego jako materialu
pomocniczego do przygotowania mieszanek kompostowych z osadéw Sciekowych tak, aby
zapewni¢ w tych mieszankach wymagana zawarto$¢ wody (50+60%), odpowiedni stosunek
C/N (25+35:1) oraz zalecang porowato$¢ powietrzng w pryzmie (powyzej 75%). Z uwagi na
wysoka zawarto$¢ wody, niski stosunek C/N i brak odpowiedniej struktury osady $ciekowe
nie moga by¢ samodzielnie poddawane kompostowaniu. Material pomocniczy dodany do
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osadow Sciekowych powinien zapewni¢ odpowiednig struktur¢ (pozwalajaca na utrzymanie
optymalnej porowatoSci powietrznej w pryzmie), zawarto$¢ wody oraz stosunek C/N w otrzy-
manej mieszance kompostowej. Badane zuzyte podloze popieczarkowe charakteryzowalo si¢
nizsza zawarto$cia wody oraz materii organicznej, nizszym stosunkiem C/N oraz nizsza wy-
trzymalo$cia mechaniczna w poréwnaniu do innych materialéw pomocniczych stosowanych
w kompostowaniu komunalnych osadow $ciekowych (takich jak sloma zbozowa czy S$cinki
drzewne). Dodatek zuzytego podloza popieczarkowego do osadéw Sciekowych (udzial w mie-
szance OS:ZPP wynosil do 1:6) nie pozwolil na uzyskanie zalecanych wartosci zawartosci
wody, stosunku C/N i porowato$ci powietrznej w pryzmie o wysoko$ci 2 m. Z tego wzgledu
badane zuzyte podloze popieczarkowe okazalo si¢ nieprzydatne jako material strukturo-
tworczy wykorzystywany do przygotowania mieszanek kompostowych z osad6éw $ciekowych.
Jednakze zuzyte podloze popieczarkowe moze by¢ wykorzystane jako material pomocniczy
w kompostowaniu innych odpadéw biodegradowalnych, ktére charakteryzuja si¢ nizsza
zawartos$cig wody, wyzszym stosunkiem C/N i korzystniejsza struktura, lub tez w komposto-
waniu osadéw $ciekowych wspdlnie z innymi materialami pomocniczymi (np. stoma) uzytymi
w mniejszej iloSci.

Stowa kluczowe: zuzyte podloie popieczarkowe, materialy strukturalne, kompostowanie,
komunalne osady $ciekowe



