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Abstract The edible and non-edible varieties of mushroom can be used as a green
adsorbent and can be used in modified and natural form for the adsorption of dyes,
pollutants and heavy metals. However, the use of edible mushroom varieties in the
adsorption of pollutants is not judicious because edible mushrooms have good nutri-
tive and medicinal properties and can be used for consumption. Recent research is
thus focused on the utilization of spent mushrooms. Spent mushroom substrate,
generated as waste by mushroom industries after the harvesting of mushroom, and
hence, is the source of immobilized mushroom mycelium. The species of mush-
room Agaricus, Pleurotus, Lentinus, Calocybe are efficient adsorbents with 70-90%
removal of pollutants in laboratory conditions. Spent mushroom substrates can also
remove pollutants such as dyes, heavy metals, pesticides and fungicides in labora-
tory conditions with comparable efficiency as mushroom. Chemisorption and phy-
sisorption processes are involved in the adsorption. The data of adsorption are well
fitted to Langmuir isotherm, revealing the involvement of monolayer adsorption
irrespective of the use of mushroom fruit bodies or spent mushroom substrate.
Fourier-transform infrared spectroscopic analysis reveal the presence of carboxyl,
hydroxyl, amino group in the adsorption of pollutants, dyes and heavy metals.

9.1 Introduction

Globally, the production and per capita consumption of mushroom has increased at
a rapid rate for last five decades. According to the United Nations Food and
Agriculture Organization statistics, the average annual growth rate of edible fungi is
5.6% worldwide. During 1997-2012, annual per capita consumption of mushrooms
increased from about 1 kg to over 4 kg. The main producer and consumer of mush-
room is China (Royse 2014). In India, more than 40,600 tons of mushrooms pro-
duced annually (Pandey et al. 2014). Mushroom -cultivation is one of the
environmental friendly ways to recycle agricultural and agro-industrial wastes for
the production of mushroom fruit bodies or mycelium with good nutritive and
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medicinal properties. In 2016, market value of cultivated edible mushroom species
is about 30-34 billion dollars and medicinal mushroom species is 10—12 billion dol-
lars. Therefore, it is billion dollar agribusiness which cannot be shut down.

The problem related to mushroom cultivation industries is the disposal of waste
generated after the harvesting of mushrooms. The mushroom substrate, left over
after harvesting of mushroom fruit bodies, is called as spent mushroom substrate.
This spent mushroom substrate creates the problem of disposal in environment-
friendly way. In Iran, there is an increase in the mushroom production industries
which are generating more than 50,000 tons of spent mushroom substrate annually.
The generation of spent mushroom substrate was, generally two times higher than
the mushroom harvested. According to Oei (1991), two tons of spent mushroom
substrate remains from each ton of mushroom harvested. Now, efforts have been
made to increase the mushroom production like the use of different substrate com-
binations and optimization of processes, which not only increased the biological
efficiency and production capacity of mushroom but also reduced the generation of
spent mushroom substrate. According to Pandey et al. (2014), amount of spent
mushroom substrate generated from each ton of mushroom is approximately equal
to the amount of generated mushroom.

Besides nutritional and medicinal properties, mushrooms are also known for
their potential as adsorbent for the adsorption of pollutants from the industrial efflu-
ent and soil (Table 9.1). However, there are critics in using nutritive and medicinal
species of mushroom in the adsorption of pollutants. To solve this issue, either non-
edible varieties of mushroom or spent mushroom substrate of edible mushroom
varieties have been used.

Spent mushroom substrate possesses leftover mycelium of the mushroom which
can be utilized as a source of immobilized mushroom mycelium. Burning and land-
fill are the most adopted techniques for the disposal of spent mushroom substrate
but are not environment friendly. Many researchers have analyzed the efficiency of
mushrooms (Damodaran et al. 2014; Kan et al. 2015; Kariuki et al. 2017) and spent
mushroom substrate (Kamarudzaman et al. 2015; Siasar and Sargazi 2015; Md-Desa
et al. 2016) as adsorbent of pollutants, dyes and heavy metals along with evaluating
the environmental impacts. This chapter describes the potential of mushroom and
spent mushroom substrate in the adsorption of pollutants.

9.2 Mushroom As Green Adsorbent

Mushrooms can be served as green adsorbent which can accumulate pollutants from
the surroundings and reduce their concentration (Udochukwu et al. 2014). The role
of mushroom in adsorption of pollutants, dyes and heavy metals has been assessed
by many researchers (Table 9.1). The mushroom mycelium can be used in the live
or dead form. Live form of mycelium requires the maintenance of appropriate con-
dition in order to maintain the viability. However, dead biomass can be used in a
variety of conditions like high temperature, low temperature, acidic solution basic



284

S. Kulshreshtha

Table 9.1 Removal of pollutants by biomass of mushroom using adsorption process

S. Accumulated
no | Mushroom spp. pollutants Remarks Reference
1. | Pleurotus ostreatus Mercury Mushroom adsorbs mercury Bressa et al.
and bioaccumulate it in fruit (1988)
bodies
2. | A. bisporus Silver Higher bioconcentration rate | Falandysz et al.
was recorded even when the (1994)
fruit bodies were grown in a
low silver contaminated
substrate
3. | Agaricus sp. Mercury Potential candidate for Falandysz and
mercury biosorption Danisiewicz
(1995) and
Falandysz et al.
(1995)
4. | Ganoderma lucidum | Copper Highest uptake capacity in Muraleedharan
mushroom for copper et al. (1995)
5. | Pycnoporus Heavy metals | Removal of heavy metals lead, | Zulfadhly et al.
sanguineus copper and cadmium from (2001)
aqueous solution was
investigated in fixed-bed
column studies. Besides the
removal of heavy metals,
column can be used even after
a number of adsorption and
desorption cycles
6. |Agaricus bisporus Cadmium Adsorption of cadmium from | Mathialagan et al.
and Lentinus edodes aqueous solutions by these (2003)
edible mushrooms
7. | Phanerochaete Cadmium Used in two ways: (i) Igbal and
chrysosporium immobilized on loofa sponge | Edyvean (2005)
disc and, (ii) free fungal
biomass. Immobilized biomass
could be regenerated and
metal recovery can be done
and reused in ten biosorption-
desorption cycles without
significant loss of capacity
8. |Agaricus Zinc, copper, | In supplemented and Melgar et al.
macrosporus mercury, non-supplemented acid (2007)

cadmium or
lead

medium, the greatest
differences in biosorption
capacity were seen for living
biomass

(continued)
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S. Accumulated
no | Mushroom spp. pollutants Remarks Reference
9. | Inonotus hispidus Arsenic . hispidus biomass was Sar1 and Tuzen
feasible, spontaneous and (2009)
exothermic under examined
conditions and therefore, can
be used for arsenic adsorption
10. | Pleurotus platypus, Cadmium and | P. platypus showed the highest | Vimala and Das
Agaricus bisporus lead metal uptake potential for (2009)
and Calocybe indica cadmium whereas A. bisporus
exhibited maximum potential
for lead. Milky mushroom
showed the lowest metal
uptake capacity for both the
metals
11. | Tremella fuciformis Cd, Cu, Pb, The humid 7. fuciformis Pan et al. (2010)
and Auricularia and Zn biomass is able to reduce
polytricha heavy metals concentration as
compared to dry biomass
12. | Mushroom Crude oil These have ability to adsorb Emuh (2010)
crude oil and heavy metals
13. | Pycnoporus Oil removal Oil removal from water using | Srinivasan and
sanguineus mushroom Viraraghavan
(2010)
14. | Pleurotus ostreatus Cadmium P. ostreatus has good Tay et al. (2011)
biosorption capacity
15. | Agrocybe aegerita; Copper Adsorption affected by the Huo et al. (2011)
Pleurotus ostreatus; initial concentration of Cu>*,
Hericium erinaceus adsorption time and
concentration of mushroom
powder
16. | Pleurotus sajor-caju | Heavy metal | Mushroom fruit body is Jibran and Milsee
Zn effective in reducing the Mol (2011)
concentration of heavy metals
and zinc
17. | Boletus edulis, Mercury Data obtained by gas Jarzynska and
Macrolepiota procera chromatography and atomic Falandysz (2011)
and Xerocomus absorption spectrometry and
badius inductively coupled plasma
atomic emission spectroscopy,
were highly biased for
mercury adsorption
18. | Trichoderma sp. Mancozeb Trichoderma sp. remove Ahlawat et al.
pesticide mancozeb from soil (2010)

(continued)
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S. Accumulated
no | Mushroom spp. pollutants Remarks Reference
19. | Tricholoma lobayense | Congo red dye | Langmuir isotherm was fitted | Tian et al. (2011)
to the sorption equilibrium
data and the maximum
adsorption capacity was
147.1 mg/g at 25 °C.
20. | Pleurotus Heavy metals | Biosorption potential of Oyetayo et al.
tuber-regium Pleurotus tuber-regium in (2012)
contaminated with some heavy
metals and the effect of such
heavy metals on the pileus
development of Pleurotus
tuber-regium were investigated
and found good
21. | Galerina vittiformis | Cadmium, This mushroom adsorbs the Damodaran et al.
chromium, heavy metals and possesses (2013),
copper, lead, | various cellular mechanisms | Damodaran et al.
zinc that may detoxify heavy (2014)
metals
22. | Auricularia polytricha | Emulsified oil | A. polytricha fruit body was a | Yang et al. (2014)
fast, film-diffusion-controlled
physical process for oil
biosorption as depicted by
multifactor effectiveness study,
kinetic study, and scanning
electron micrographs
23. | Pleurotus ostreatus Malachite The highest percent removal of | Chen et al.,
green dyes was 89.58% and the (2014)
biosorption capacity reached
32.33 mg/g.
24. | Pleurotus eryngii Copper Efficient in removing copper | Kan et al. (2015)
from the solution
25. | Agaricus campestris, | Nickel, Heavy metal contents in the Siri¢ et al. (2016)
A mellea, C. inversa, | chromium, mushrooms are mainly
C. nebularis, M. lead, cadmium, | affected by species and their
procera, B. aestivalis, | mercury lifestyle. All mushrooms
B. edulis, L. species were bioexclusors of
deterrimus, T. nickel, chromium, and lead
portentosum, T.
terreum
26. | Pleurotus ostreatus Dyes It is able to decolorize dyes Skariyachan et al.
(2016)
27. | Lepiota hystrix Copper and This mushroom biomass has a | Kariuki et al.
lead good potential to be used in (2017)

removal of metal ions and can
be used up to three adsorption/
desorption cycles without
losing efficiency
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Fig. 9.1 Solid state and submerged cultivation of mushroom and the effect of different products
on environment

solution as it is not affected by pH, temperature, salinity (Kulshreshtha et al. 2014).
Mushroom possesses chitin, a negative charge compound in the cell wall, which
provides negative charge to the surface of mushroom mycelium. Heavy metals and
pollutants possess positive charge and therefore, these can adsorb on the surface of
spent mushroom substrate due to ionic interaction. Thus, spent mushroom substrate
can be a good candidate for adsorption of pollutants and heavy metals based on
ionic interaction.

9.2.1 Preparation of Mushroom and Its Mycelium
As Adsorbent

Mushroom and its mycelium are required in bulk amount for the adsorption pur-
pose. Therefore, mushrooms can be collected in bulk amount from the natural envi-
ronment or can be cultured in the laboratory. In the laboratory, mushroom can be
cultured by solid state fermentation process and submerged fermentation process in
the fermenter or Erlenmeyer flask. In solid state fermentation, substrate is prepared
from agricultural or agro-industrial wastes which lead to the formation of fruit bod-
ies of mushroom. In contrast, mushroom culture in Erlenmeyer flask or fermenter
leads to the production of mycelial biomass of mushroom (Fig. 9.1).

Mycelium of mushroom can be cultured in an Erlenmeyer flask containing malt
extract medium, and incubated at 25 °C, 125 rpm in an incubator shaker for 21 days.
For harvesting the mycelium, broth was separated by filtration technique and dis-
carded. Adsorbent can be prepared from the harvested mycelium or collected mush-
rooms by autoclaving for 15 min at 121 °C, 18 psi pressure, which is followed by
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oven drying for overnight at 60 °C. It can be ground into fine particles and then
sieved to get particles of uniform size, i.e. lesser than or equal to 150 pm. This
adsorbent can be used immediately, or preserved for a longer time in silica filled
desiccators (Abdul-Talib et al. 2013).

9.2.2 Modified Mushroom for Adsorption

Recently, Xu et al. (2016) produced an adsorbent by using Pleurotus cornucopiae
and further, used for the adsorption of hexavalent chromium ions from the aqueous
solution. To prepare adsorbent from the Pleurotus cornucopiae, it was washed with
deionized water for several times, which was followed by drying at 50 °C for 3 d
using air-blower-driven drying closet. This was followed by grinding in a pulverized
mill and sieve through 40-mesh, 60-mesh, and 100-mesh in order to get uniform
particles of specific sizes. The surface of this dried mycelium was modified by
chemical treatment to increase its adsorption capacity. To modify the surface for
adsorption, 30 g of Pleurotus cornucopiae was agitated in 500 ml of the dodecyl
dimethyl benzyl ammonium bromide solution for 24 h. Further, these particles were
filtered and washed with double distilled water. Washing was done repeatedly till
the complete removal of bromide ions. The washed mushroom biomass was dried at
30 °C for 24 h for self-assembling of mushroom mycelium powder. The surface
scanning of modified Pleurotus cornucopiae revealed the presence of uneven sur-
face and polyporous structure due to self-assembling of the material. Fourier-
transform infrared spectroscopy analysis revealed that amine, hydroxyl, and
carboxyl groups provide binding sites for adsorbate. These groups played an impor-
tant role in adsorption when modified Pleurotus cornucopiae was used for the
adsorption of hexavalent chromium ion. The increased dosage of this adsorbent
increased the efficiency of adsorption of chromium ions. Under the optimum con-
trollable factors like pH, temperature; hexavalent chromium removal efficiency of
75.91% was achieved. This adsorption was best fit to the Freundlich isotherm
model. This is a successful approach to remove hexavalent chromium ions from the
solution (Xu et al. 2016). A detailed study at pilot scale and industrial scale plant is
required to assess the potential of modified Pleurotus cornucopiae biomass in the
adsorption of chromium ions so that technology can be implemented for industrial
effluents.

In another experiment conducted by Xie et al. (2015), Lentinula edodes was
treated with a mixture of sodium hydroxide, ethanol, and magnesium chloride. The
effect of this treatment was assessed on adsorption capacity. For this purpose, 20 g
of powdered raw biomass of L. edodes was mixed with 400 ml of mixed solution
containing 200 ml of ethanol, 100 ml of sodium hydroxide and 100 ml of magne-
sium chloride. The biomass of L. edodes was left in solution at 25 °C and 150 rpm
for 24 h. This treated biomass was filtered and supernatant was discarded. This was
followed by washing with deionized water several times till the pH of L. edodes
biomass became neutral. This biomass was dried in oven at 40 °C for 24 h. After
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drying, biomass was ground into fine particles and filtered through 100 or 200-mesh
to obtain uniform sized particles. In this study, initial concentration of heavy metals
was 50 mg/L; adsorbent dosage was 5 g/L. This magnesium chloride modified
Lentinula edodes was used to adsorb cadmium and copper ions from the aqueous
solution with high adsorption capacities of 51.64 + 0.65 and 59.03 + 0.64 mg/g,
respectively. This capacity of adsorption of magnesium chloride modified Lentinula
edodes was reported to be greater than one order of magnitude higher than that of
raw biomass. A huge number of binding sites were exposed after the treatment of L.
edodes with magnesium chloride which helps in the adsorption of metals. In the
adsorption of copper and cadmium ions, both physisorption and chemisorption
were reported to involve. These processes are based on electrostatic interaction, ion
exchange and complex formation. The study of thermodynamic parameters revealed
that the process was endothermic and spontaneous. The data were fitted well to
pseudo-second order kinetic model which revealed the involvement of chemisorp-
tion process. This study also focused on the recovery of heavy metals from real
industrial effluent. The adsorption and heavy metal recovery efficiency was 90%
and 80%, respectively (Xie et al. 2015). Therefore, magnesium chloride treated
spent mushroom substrate was found to be better than raw culture of Lentinula
edodes in effective adsorption and desorption of heavy metals from the real indus-
trial effluent.

9.2.3 Limitations of Using Mushroom in Adsorption

Harvesting the mushroom mycelium for removal of pollutants is not a feasible
option, especially in developing and undeveloped countries because the primary
focus of mushroom cultivation is to provide protein rich food to the people.
Secondly, mushrooms also have anti-mutagenic, anti-inflammatory, anti-
carcinogenic, antioxidant properties and can be used for medicinal purposes.
Therefore, mushroom cultivation for bioremediation of pollutants, heavy metals
and dyes by adsorption is not encouraged in these countries.

When mushroom biomass or fruit bodies are used for the adsorption of pollut-
ants, heavy metals and dyes, proper disposal practices are required if metals and
pollutants are not recovered. On dumping in the environment, the adsorbed metals
and pollutants can leach out and cause soil and water pollution (Fig. 9.1). Adsorption
by mushroom biomass or fruit bodies is worthy to remove pollutants from the envi-
ronment; nevertheless there is a need of safe disposal practices.

Another problem related to mushroom cultivation is the generation of spent
mushroom substrate. Mushroom cultivation requires a substrate composed of agri-
cultural waste fibers including wheat straw, rice straw, corn cobs, cottonseed hulls,
sawdust; manures like horse manure, poultry manure, cottonseed meal; and a cal-
cium source like calcium carbonate or gypsum. This substrate is incubated at suit-
able temperature and humidity condition, depending upon the species of mushroom.
In the appropriate conditions, substrate supports the growth of mycelium and fruit
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Solid state cultivation:
Mushroom substrate prepared
by agricultural or agro-industrial
waste

Submerged cultivation:
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Fig. 9.2 Applications of the mushroom products and by-products generated by submerged and
solid state cultivation of mushrooms

bodies. These fruit bodies are harvested on maturation. After the harvesting of
mushroom fruit bodies, mushroom substrate is discarded as solid waste which is
called as spent mushroom substrate, mushroom soil, recycled mushroom compost
or spent mushroom compost (Fig. 9.1). This substrate is a byproduct of the mush-
room industry, which give rise to the most significant environmental issues, and
therefore need a strategy for its proper disposal.

9.3 Spent Mushroom Substrate As Adsorbent

In the earlier attempts, spent mushroom substrate was disposed by landfills or by
burning in open fields. In the case of landfill, spent mushroom substrate is piled up
on the land; however release of leachates from the pile due to the weathering of
spent mushroom substrate may adversely affect the ground water quality
(Kamarudzaman et al. 2014a) and adjacent land. Later, spent mushroom substrate
was used for a variety of purposes like animal feed, production of enzymes, vermi-
composting and soil quality improvement (Fig. 9.2).

The use of spent mushroom substrate in laccase, xylanase, lignin peroxidase,
cellulase and other enzymes production is suggested by Phan and Sabaratnam
(2012). Spent mushroom substrate contains 14% protein and lots of vitamins and
microelements like iron, calcium, magnesium and zinc, and essential amino acids
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which are generally not present in animal feed. Therefore, spent mushroom sub-
strate can be a good feedstuff for animals (Foluke et al. 2014).

The spent mushroom substrate was also used for improving the soil quality and
crop yield. Ribas et al. (2009) reported the use of spent mushroom substrate as a
growth supplement for lettuce, which not only promoted the growth of lettuce by
improving microbial diversity of soil and related enzymatic activities, but also
degraded biocides. Fidanza et al. (2010) reported that the supplementation of spent
mushroom substrate to the soil improved the structure of clay soil, reduced the sur-
face compaction and crusting, along with promoting the microbial growth and enzy-
matic activity in the soil. Improvement in soil quality led to turf establishment,
improved turf density and colour, increased rooting, which further reduced the need
of fertilizer and irrigation (Fidanza et al. 2010). Sendi et al. (2013) replaced the peat
moss with spent mushroom substrate in the cultivation media of Brassica oleracea
i.e. Kai-lan and reported the higher yield of Brassica oleracea. Lopes et al. (2015)
reported that the use of spent mushroom substrate as compost provided higher yield
of tomatoes as compared to green, organic and chemical fertilizers. Spent mush-
room substrate is considered as a source of nutrient for the soil and hence, widely
used as compost (Siasar and Sargazi 2015). Besides, spent mushroom substrate pos-
sesses high adsorption capacity which can be further utilized for the removal of
heavy metals, dyes, pollutants from the soil. This ability was used by Tuhy et al.
(2015) for converting spent mushroom substrate into biofertilizer by adsorbing
some metals like zinc, manganese and copper for fulfilling the mineral requirement
of the plant. In this way, spent mushroom substrate showed promising results
towards improving the soil quality and crop productivity and greening of a shattered
area or desert. In contrast to this, it is also reported in the literature that the high salt
and nutrient content of spent mushroom substrate disturbs the nutrient balance of
soil and therefore, limits their application in improving the soil quality. Any failure
in utilization of spent mushroom substrate will lead to its accumulation in the
environment.

To solve the aforesaid problems of waste accumulation, the spent mushroom
substrate has also been used for adsorbing the toxic metals, dyes and pollutants
from the environment. The spent mushroom substrate can act as a green adsorbent
due to having immobilized mycelium and excellent abilities to adsorb or degrade
organic compounds and pollutants, dyes present in soil and water (Ahlawat et al.
2010). They can play an important role in environmental cleanup. Further, they have
the potential to adsorb metals which can be recovered on changing certain physio-
logical conditions. These can be used for metal recovery from industrial effluent and
soil. Ribas et al. (2009) reported the use of fresh spent mushroom substrate of L.
edodes for soil remediation. The spent mushroom substrate also has potential to
minimize the bioavailability of heavy metals (Garcia-Delgado et al. 2013).

Application of spent mushroom substrate in the soil and water for the removal of
dyes, pollutants and heavy metals may be a viable and acceptable option as it is a
waste byproduct of mushroom industry. It is available in bulk amount at a lower
price or sometimes free of cost; and efficient to use for adsorbing heavy metals and
pollutants from the effluent and soil and thus, can improve the quality of
environment.
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The effective implementation of the adsorbent in environmental cleanup depends
on its properties like cost-effectiveness, potential to adsorb pollutants. Besides,
adsorbent should be amenable to any physical and chemical alterations which are
required to enhance their adsorption properties (Ayangbenro and Babalola 2017).
The most important aspect of using spent mushroom substrate as adsorbent is its
cost and availability. The spent mushroom substrate is generated in high amount as
the waste of mushroom production industries (Singh et al. 2003) and generally, dis-
carded by burning in open field and disposed in municipal solid waste landfill.
Hence, spent mushroom substrate can be available in bulk amount at a low price or
free of cost for using as adsorbent. The use of spent mushroom substrate for adsorb-
ing metals and pollutants will not only solve the problem of accumulation of spent
mushroom substrate but also heavy metals and pollutants. Therefore, application of
spent mushroom substrate will be a feasible technology to implement as far as avail-
ability of raw material is concerned.

Another parameter for choosing spent mushroom substrate is its properties. The
lignocellulosic component of spent mushroom substrate possesses negative charged
groups like hydroxyl, carboxylic acid and phenolic groups, which provide them
ability to bind with metals. Garcia-Delgado et al. (2013) compared the efficiency of
spent mushroom substrate of Pleurotus and Agaricus, and reported that spent mush-
room substrate of Agaricus has undergone an intense composting process due to
which it produces higher amounts of fatty acid and humic acid and further, acquires
the higher amount of alkyl and carboxyl group compare to spent mushroom sub-
strate of Pleurotus. Therefore, the spent mushroom substrate of Agaricus can be a
better substrate than Pleurotus spent mushroom substrate for adsorbing the positive
charged metals and pollutants from the environment.

For practical application considerations, it is also important that adsorbent have
the potential to adsorb heavy metals and further, helps in their recovery by desorp-
tion process (Javanbakht et al. 2014). In this way, spent mushroom substrate is gen-
erated as waste and can be revenue for the industries if utilized for the adsorption of
heavy metals. This recovery based approach can be implemented in future due to
having financial benefits along with environmental benefits.

9.3.1 Principle of Adsorption by Spent Mushroom Substrate

Adsorption is the ability of adsorbate to adhere or attach to the adsorbent. In case of
spent mushroom substrate, the adsorption occurs mainly by two processes; coulom-
bic interaction and intrinsic adsorption. Coulombic interaction is related to the elec-
trostatic energy of interaction between ions. When surface of adsorbate and
adsorbent possess opposite charge, they are attracted by coulombic interaction.
Generally, spent mushroom substrate based adsorption phenomenon relies on the
fact that surface of spent mushroom substrate possesses negative charge due to the
presence of anions such hydroxyl, carboxyl, amide groups; and adsorbate like heavy
metals or pollutants possesses positive charge ions. The active functional groups
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and charge on the spent mushroom substrate can be analyzed by Fourier-transform
infrared spectroscopy analysis. This analysis revealed that the carboxyl, hydroxyl,
phosphate, amide group of lignocelluloses and chitin, glucans, mannans of mush-
room are involved in adsorption process (Tay et al. 2012). The ability of spent
mushroom substrate to bind with the pollutants, dyes and metal ions depend upon
the structural component of fungi and lignocellulosic agricultural residues. Chitin is
an important component of spent mushroom substrate for the adsorption of heavy
metals and radionuclides. Chitosan is a more effective alternative compared to chi-
tin, to bind and form strong complexes with pollutants and metals. However, it can-
not be used due to unfavourable economics, which need high cost to implement.
Moreover, it is extracted by typical extraction procedure, which results in genera-
tion of toxic wastes (Gadd 2009). The intensity of interaction is based on charge of
adsorbate and adsorbent; and strength of ions (Igwe and Abia 2006).

Intrinsic adsorption is associated with the surface area of adsorbent which can be
observed by the effect of different sizes of adsorbent particle on the capacity of
adsorption (Igwe and Abia 2006). This process is based on the Van der Waals attrac-
tions between the adsorbent and adsorbate.

9.3.2 Mechanism of Adsorption

Generally, binding of metals, pollutants and dyes to the mushrooms and spent
mushroom substrate depends on the four mechanisms: (i) adsorption (ii) ion
exchange (iii) complexation and (iv) precipitation. Physical adsorption is based on
the electrostatic forces and van der Waals forces as mentioned in aforesaid section.
Transport of cations across the microbial cell wall depends upon metabolism of
mushroom and cell membrane permeability. This is required to maintain the ionic
balance of metabolically important ions like sodium, potassium and magnesium.
The metabolically independent transport mechanism involves transportation
through cation transport systems. Occasionally, this system transports the metal
ions bearing the same charge and ionic radius along with the other required ions. It
has been reported that mushroom biomass develop mechanisms to resist the heavy
metals through the secretion of chelating substances that are able to bind with metal
ions. Further, metal ions accumulation is reduced due to the alterations in the metal
transport system. Another mechanism to develop resistance includes the binding of
metal ion to intracellular molecule such as metallothionein or accumulates in intra-
cellular organelles like vacuole or mitochondria (Ayangbenro and Babalola 2017).

The principal mechanism of heavy metal binding is related to physical binding
and chemical binding of metal ions to the spent mushroom substrate. However, ion
exchange can be observed as an important phenomenon in adsorption. Occasionally,
bivalent metal ions are exchanged with counter ions of polysaccharides.

As mentioned earlier, complexation plays an important role in the adsorption
process. It is based on the surface charge of spent mushroom substrate and mush-
room. Both possess negative charge due to the presence of carboxyl, amino, thiol,
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amide, imine, thioether, phosphate, which provide them ability to make complexes
during metal-ligand and adsorbate-adsorbent interaction (Javanbakht et al. 2014).

Precipitation, a metabolically independent process, is a chemical reaction
between the metal and cell surface of mushroom and spent mushroom substrate.
This leads to the deposition of heavy metals into solution and on the surface of
mushroom mycelium. Zhou et al. (2005) reported that lead ions form complex with
the cellulose and precipitate the product of lead complex generated by hydrolysis.
The precipitation of lead complex in the form of hydroxides has also increased with
an increase in the pH.

In the living mushroom mycelium, adsorption process depends upon the meta-
bolic processes while these are independent of metabolic processes if dead biomass
of mushroom is used. Dead biomass of mushroom passively binds metal ions by
various physicochemical mechanisms. Nevertheless, complete knowledge of metab-
olism dependent processes is required in order to optimize and maintain the adsorp-
tion in the living system. In the living biomass, metabolic activities are affected by
rate of respiration, the products formed during metabolism and nutrient uptake
which further affects adsorption, ion exchange, complexation and precipitation.

In the case of organic pollutants, adsorption is based on chemical structure such
as molecular size, charge, solubility, hydrophobicity and reactivity. In addition to
adsorption and complexation, permeation of spent mushroom substrate biomass
may contribute to the adsorption process.

Hydrocarbons are hydrophobic compounds, insoluble in water, however, can be
associated with non-polar environment. They can be adsorbed on the surface of
organic substances and spent mushroom substrate biomass. Lipophilic, hydropho-
bic compounds can pass through cell membranes and adsorb into organic matrix of
spent mushroom substrate (Javanbakht et al. 2014). In the case of dye adsorption,
chitosan, extracted derivative of chitin, is better than naturally occurring mushroom
chitin. Dyes adsorbed on the surface of chitosan by various mechanisms that include
surface adsorption, chemisorption, film diffusion and pore diffusion; and chemical
reactions like adsorption-complexation and ion exchange. The main group involve
in the adsorption of dyes is amine group; however, hydroxyl group may also con-
tribute in the process (Javanbakht et al. 2014). It is pertinent to note that effective-
ness of the substrate in adsorbing the pollutants is more important than the
mechanism involved in the adsorption.

9.3.3 Selection and Preparation of Spent Mushroom Substrate
As Adsorbent

During the mushroom cultivation, cellulosic, lignocellulosic and hemicellulosic
fibres are utilized by the mushroom for the growth. This leads to the gradual degra-
dation of the substrate and pore formation. The pore size is increased with increase
in time due to the continued substrate degradation process, which further increase
adsorption properties of spent mushroom substrate.
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The choice of spent mushroom substrate may vary as per availability in the local
area (Garcia-Delgado et al. 2013). Selection of appropriate spent mushroom sub-
strate and its application in adsorption of pollutants seems to be a sustainable tech-
nology that will not only remove the pollutants, but also solve the problem of waste
disposal (Prasad et al. 2013). The most popular mushroom species around the world
is Agaricus species and Pleurotus species and therefore, cultivation of these species
generates huge amount of waste which accumulates in the environment and causes ill
effects. Therefore, spent mushroom substrate needs proper disposal practices (Garcia-
Delgado et al. 2013). The spent mushroom substrate of these mushrooms is readily
available and inexpensive biomaterial with high capacity of pollutant adsorption.

Spent mushroom substrate for adsorption of pollutants, dyes and heavy metals
have been prepared by different methods and analyzed. In one method, Siasar and
Sargazi (2015) mixed 2 g of spent mushroom substrate in 20 ml of water and filtered
the resultant solution through filter paper AK-01 blue. Spent mushroom substrate
was retained by the filter which was collected and dried; and further, used in the
adsorption experiment. In the method developed by Tay et al. (2011) the sample of
spent mushroom substrate was prepared at 121 °C, 18 psi for 15 min and then dried
in an oven at 60 °C. This was followed by grinding and sieving to obtain particle
size lesser than 710 pm. This adsorbent was stored in dry cabinet. In another method,
all conditions of preparing spent mushroom substrate adsorbent from Pleurotus spe-
cies were kept same, except particle size which was lesser than 150 pm. This adsor-
bent was stored in silica filled desiccators and used in performing the experiment for
lead and cadmium adsorption (Tay et al. 2011; Abdul-Talib et al. 2013).

A different preparation of spent mushroom substrate was also used by Gill (2014)
for adsorbing an organic chemical spill. In this preparation, spent mushroom sub-
strate was mixed with dry plant material, partially composted plant material, spent
mushroom substrate, dry plant material, a petroleum hydrocarbon, ammonium
nitrate, iron sulfate, mixture of iron sulfate and ammonium nitrate, and a clump
preventing material like sawdust, vermiculite, diatomaceous earth. This mixture was
supplemented with nutrient source such as raw sugar or sugar beet residue. When
this substrate mixed with the spilled chemical and water, it can neutralize the hydro-
carbon spill (Gill 2014). These studies revealed that all preparations of spent mush-
room substrate are effective in removing the pollutants from the environment.

9.3.4 Characterization of Spent Mushroom Substrate
Adsorbent

The adsorbent must be sufficiently porous to adsorb pollutants from the surround-
ing. The spent mushroom substrate is composed of different types of polymers such
as lignin, cellulose and hemicellulose which are degraded by mushroom mycelia
during its growth and utilized as carbon and energy sources. This degradation results
in numerous pores in the spent mushroom substrate that makes it a suitable substrate
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for adsorption (Yan and Wang 2013). These pores can be classified as micropores if
pore diameter is lesser than 2 nm, mesoporous if pore diameter is 2-50 nm and
macropores if pore diameter is greater than 50 nm. The macroporous material has a
great potential for adsorbing large sized adsorbates as compared to mesoporous or
microporous adsorbent material. The structure of cell wall, micropores, mesopores
and macropores must be evaluated in order to analyze the potential of adsorbent.
The characterization of spent mushroom substrate for using it as adsorbent can be
done by the following methods:

9.3.4.1 Brunauer Emmett Teller Analysis

The specific surface area and total pore volume of spent mushroom substrate can be
measured by surface area analyzer, a fully automated analyzer which evaluates the
material by nitrogen multilayer adsorption measured as a function of relative pres-
sure. Nitrogen does not react chemically with the substrate and therefore, used in
the analyzer. This technique determines the surface area and pore area and helps in
acquiring important information for performing adsorption studies. Further, adsor-
bent categories can be defined on the basis of Brunauer Emmett Teller analysis,
such as dispersed, nonporous, macroporous materials. Macroporous material have
pore diameter greater than 50 nm is well-fitted to type II isotherm. Mesoporous
materials have pore diameter between 2 nm and 50 nm is well fitted to type IV iso-
therm. Microporous material have diameter lesser than 2 nm and well fitted to type
I isotherm.

9.3.4.2 Scanning Electron Microscopy/Energy Dispersive X-ray
Spectroscopy Analysis

It is an analytical technique used for the elemental analysis or chemical character-
ization of spent mushroom substrate. It is based on the interaction of X-ray and
spent mushroom substrate. When X-rays are focused on the spent mushroom sub-
strate, unique set of peaks can be observed on its electromagnetic emission spec-
trum according to the atomic structure of materials present in spent mushroom
substrate.

9.3.4.3 Fourier-Transform Infrared Spectroscopy Analysis

This analysis provides an insight of adsorption process. The functional groups,
involved in the adsorption process, can be determined by analyzing the peaks
obtained by Fourier-transform infrared spectroscopy. Differences in the peaks of
spent mushroom substrate before and after adsorption can be investigated by
Fourier-transform infrared spectroscopy. These peaks reveal the important groups
involved in the adsorption process (Kamarudzaman et al. 2014a).
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9.3.4.4 Solid-State Cross-Polarization Magic Angle Spinning Carbon-13
Nuclear Magnetic Resonance

Solid-state cross-polarization magic angle spinning carbon-13 nuclear magnetic
resonance is used to investigate the structural changes and interactions of cellulose
(Larsson et al. 1999) with the pollutant during adsorption. It is also used to detect
the presence of -D-glucan and trace compounds present in dried powder of mush-
room samples. For this purpose, the high- resolution solid-state cross-polarization
magic angle spinning carbon-13 nuclear magnetic resonance spectra can be recorded
at the resonance frequency of approximately 100 MHz with the use of 4 mm rotors
and frequency of 12 kHz and pulse duration of 1.9 ps. A high-power proton-
decoupling field of 92 kHz can be applied during data acquisition. The spectra can
be obtained at room temperature averaging over 5000-33000 scans. Hydration of
mushroom polysaccharide give rise to conformational stabilization, which is
reflected in spectra by narrowing and splitting of resonance line (Fricovd and
Koval’akova 2013).

To evaluate the strategies for potential implementation, adsorption isotherms,
adsorption kinetics, intra-particle diffusion ability can be used to explain the feasi-
bility of adsorption process.

9.3.5 Adsorption of Heavy Metals by Spent Mushroom
Substrate

Heavy metals are noxious products discharged by a number of industries after the
completion of industrial processes and are major pollutants in the soil and water.
These are discharged by electroplating and metal finishing and metallurgical indus-
tries, leather tanning, textile dyeing and printing based industries, fertilizer indus-
tries, acid mine drainages and landfill leachates. Besides, agricultural and domestic
activities also discharge heavy metals in the environment.

These are recalcitrant and hence, accumulate in the environment and enter the
food chain (Igwe and Abia 2006). After intake, heavy metals accumulate in the liv-
ing tissue and disrupt biological processes due to their toxicity. Conventional
methods for removing metal ions include a number of processes such as filtration,
chemical precipitation and electrochemical treatment, ion-exchange, membrane
technologies and activated carbon. Many of these processes are ineffective, espe-
cially when metal ion concentration in aqueous solution is 1-100 mg/L. Moreover,
they produce huge amounts of toxic sludge which is difficult to dispose. Further,
these cannot be implemented at large scale due to financial constraints. Nowadays,
microbial adsorption based approaches are gaining much attention in removing the
metals from the environment. The most popular microbial option for adsorbing
metal is mushroom mycelium which can be obtained from mushroom industry or
mushroom cultivation units. The spent mushroom substrate, as green adsorbent,
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presented as an alternative to traditional physicochemical means for removing
heavy metals from soil and water. Spent mushroom substrate makes complex with
heavy metals and increases its stability, however reduces its bioavailability, which
in turn reduces the toxic effect of metal on living beings.

According to Wang and Chen (2009), there are two methods for the removal of
heavy metals. The first method is related to the usage of living biomass of mush-
room for metal adsorption and removal; while the other methods, rely on the immo-
bilization technology and modification in the adsorbent for making a type of ion
exchange resin to use in regeneration or reuse (Wang and Chen 2009). The use of
spent mushroom substrate as green adsorbent is explained in the subsequent
sections.

9.3.5.1 Spent Mushroom Substrate of Lentinus edodes

The spent mushroom substrate of Lentinus edodes is used as adsorbent for adsorb-
ing cadmium, lead and chromium from solution. The effect of different parameters
such as adsorbent concentration, initial pH, contact time and heavy metal concen-
tration was evaluated by Tay et al. (2012). As the initial pH increase, active sites of
spent mushroom substrate are deprotonated resulting in the increased adsorption of
copper. In acidic condition, copper uptake is poor due to the protonation of the
active sites of adsorbent. However, in basic condition, copper ions are precipitated
as insoluble hydroxides resulting in decrease adsorption of copper. On increasing
the adsorbent dosage, adsorption of heavy metals increased. Fourier-transform
infrared spectroscopy analysis revealed that the carboxyl, phosphoryl, and phenolic
groups are involved in adsorption (Tay et al. 2012). This study shows the potential
of Lentinula edodes in removing heavy metals.

9.3.5.2 Spent Mushroom Substrate of Pleurotus ostreatus

Tay et al. (2012) used Pleurotus ostreatus and spent mushroom substrate for adsorb-
ing heavy metals. The copper adsorption experiment, conducted by him, was based
on the assessment of half saturation constant of adsorption so that results can be
obtained with minimum adsorbent dosage and in shorter time. The findings revealed
that optimum adsorption parameters were initial pH 5, contact time 10 min and
initial copper concentration 50 mg/L. The adsorption co-efficient for Pleurotus
mushroom and Pleurotus spent mushroom substrate was found 0.9598 and 0.9920,
respectively. These values showed that both mushroom and spent mushroom sub-
strate has same adsorption capacity. Fourier-transform infrared spectroscopy analy-
sis revealed that carboxyl, hydroxyl and amide groups of lignocelluloses, chitin, and
proteins were involved in the adsorption study. The kinetics of the study showed
that chemisorption, complexation and ion exchange are the mechanisms involved in
the adsorption of copper on spent mushroom substrate and mushroom fruit body.
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Adsorption of Nickel

Nickel, a toxic metal, discharged with industrial effluent from mineral processing,
electroplating and battery manufacturing industries. It is an essential micronutrient
for some plant and microbes in minute amount, nevertheless toxic in high amount.
It accumulates but not magnified along the food chain (Tay et al. 2011). Long term
exposure to nickel causes serious health issues. Therefore, spent mushroom sub-
strate was used to remove this metal from the environment.

Tay et al. (2011) studied the potential of Pleurotus ostreatus spent mushroom
substrate as a green adsorbent for nickel adsorption. For this purpose, analytical
grade of nickel nitrate hexahydrate salt was used to prepare nickel solution with
ultrapure water. Pleurotus ostreatus spent mushroom substrate adsorbent was pre-
pared using the protocol as mentioned by Tay et al. (2011) and particle size lesser
than 710 pm was chosen for nickel adsorption study. Nickel adsorption was carried
out in batch process. Erlenmeyer flasks were filled with 50 ml nickel solution and
placed on incubator shaker at 125 rpm and 25 °C. The effect of different parameters
such as adsorbent concentration, initial pH, and contact time and nickel concentra-
tion was evaluated. After withdrawal, samples were filtered and supernatants were
analyzed by inductively coupled plasma optical emission spectrometry. Further,
feasibility of technique in terms of effectiveness and cost was also compared. This
was done by performing the same experiment with commercially available syn-
thetic adsorbent, i.e. Amberlite IRC-86. Results of the study revealed that 50% of
nickel adsorption was obtained at half saturation constant of 0.7 g adsorbent con-
centration, initial pH in range of 4-8, contact time of 10 min., 50 ml solution of
nickel with initial nickel concentration 50 mg/L. In this way, maximum nickel
adsorption was 3.04 mg/g and data was fitted to Langmuir isotherm model showing
the occurrence of monolayer adsorption on the surface of adsorbent. Fourier-
transform infrared spectroscopy analysis determined the involvement of alkyl,
hydroxyl, amino, aliphatic, alcohol and carbonyl functional groups in the adsorp-
tion process. The mechanism of adsorption involves physisorption and chemisorp-
tion ion exchange process. Characterization of adsorbent indicates that Pleurotus
spent mushroom substrate is weak ion exchanger and therefore, its ion exchange
performance was evaluated against Amberlite IRC-86. It is reported that ion
exchange capacity of spent mushroom substrate is comparable to Amberlite IRC-86
to remove nickel. Nevertheless, Pleurotus spent mushroom substrate was found to
be six times cheaper than Amberlite IRC-86 in terms of cost per unit of metal
removed (Tay et al. 2011). Therefore, a costly option Amberlite IRC-86 can be
replaced with an economic option spent mushroom substrate.

Tay et al. (2016) also conducted the study on adsorption of bi-metal solution,
containing copper and nickel by Pleurotus spent mushroom substrate. The maxi-
mum uptakes of copper and nickel were 3.54 mg/g and 1.85 mg/g, respectively.
However, Pleurotus spent mushroom substrate has higher selectivity for nickel as
compared to copper. To find out the possible mechanism involved in the adsorption,
results were evaluated through isotherm, kinetic and thermodynamic studies. Data
of adsorption study were in agreement with Langmuir and Freundlich isotherms.
This confirms the involvement of chemisorption process. Further, the adsorption
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reaction is spontaneous and exothermic is elucidated by thermodynamic parame-
ters. Inductively coupled plasma optical emission spectrometry technique of mea-
suring metal concentration and differences in pH depicted the involvement of ion
exchange mechanism.

The above mentioned findings indicate the effectiveness of Pleurotus spent
mushroom substrate in adsorbing nickel from the effluents. After studying the
detailed insight of the process and mechanism, in the future, this spent mushroom
substrate will be a promising green adsorbent for removing the metals in environ-
mental friendly manner.

Adsorption of Lead

Pleurotus spent mushroom substrate was assessed for its potential in adsorbing lead
ions. In a study, conducted by Liew et al. (2010) the suitability of Pleurotus spent
mushroom substrate for removal of lead was determined. The effect of pH of lead
containing solution, contact time, initial lead concentration was analyzed. The per-
centage removal of lead from solution using different amount of Pleurotus spent
mushroom substrate by keeping the constant contact time i.e. 60 mins, was also
assessed. Results of the study revealed that Pb removal increased with an increase
in the amount of Pleurotus spent mushroom substrate. However, a maximum of
88% lead removal was achieved by 0.5 g of Pleurotus spent mushroom substrate
(Liew et al. 2010). The removal percentage of lead increased at the initial stage with
increasing the amount of adsorbent which is possible due to the increase in binding
sites in adsorbent. At saturation stage, the lead binding sites decreased and resulted
in the reduced lead adsorption. This is possibly due to screening effect which can
reduce the accessibility of binding sites (Liew et al. 2010) by previously bind lead
ions. The study showed that Pleurotus spent mushroom substrate is an efficient
adsorbent for lead ions.

Adsorption of Iron
Iron is a toxic heavy metal that is commonly found in various industrial effluents.
The exposure of human causes respiratory diseases, heart attacks, tissue damage.
Therefore, it is necessary to remove iron from the industrial effluents. Spent mush-
room substrate has been used for adsorbing the iron from the industrial effluents.
Kamarudzaman et al. (2013) performed an experiment to adsorb iron from the
solution by using spent mushroom substrate as adsorbent. Standard solution of iron
i.e. 1000 mg/L was prepared by dissolving ferric nitrate in ultrapure water. It was
further diluted to obtain different concentrations. The pH was adjusted by using 1 M
hydrochloric acid or sodium hydroxide solutions. Scanning electron microscopy for
the analysis of surface morphology of Pleurotus ostreatus spent mushroom substrate
before adsorption, revealed the rough and porous surface of spent mushroom sub-
strate, which was efficient enough to support the adsorption process due to large
surface area. The optimum adsorption of iron by Pleurotus spent mushroom sub-
strate was achieved at an initial pH ranging from 4 to 5, contact time 10 min. and
initial iron concentration of 50 mg/L using half-saturation constant of 0.4 g adsorbent
dosages. After adsorption, SEM analysis showed that the spent mushroom substrate
surface appears to be fully covered with iron molecules due to the deposition of iron
molecules in the pores. Further, energy-dispersive X-ray spectroscopic analysis
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confirmed the adsorption of iron molecule by rise in peaks of iron. Fourier-transform
infrared spectroscopy spectra revealed the involvement of carboxyl, hydroxyl and
amide functional groups. Physical and chemical characterization of spent mushroom
substrate supports the use for the adsorption of iron (Kamarudzaman et al. 2014a).

Later, the potential of Pleurotus spent mushroom substrate for adsorbing iron in
the fixed bed column reactor was also investigated to find out the influence of flow
rate, bed depth, and initial concentration of iron. Results show that decrease in flow
rate and initial iron concentration leads to increase in breakthrough time and exhaus-
tion time. In contrast to this, the breakthrough and exhaustion time decreased with
decrease in bed depth (Kamarudzaman et al. 2014b). The study of physical and
chemical characterization revealed the suitability of spent mushroom substrate for
the adsorption of iron.

Adsorption of Copper

Copper is used as anti-corrosive agent and also used to make a decorative coating
on the metal alloys (Siasar and Sargazi 2015). It is used in electrical and electroplat-
ing industries. It reaches the water bodies with the industrial effluents. In natural
environment, metal persist for a longer time due to their non-degradable nature. The
most serious threat to the environment and living beings is the toxicity and bioac-
cumulation potential of heavy metals. Adsorption based approaches are the most
promising option for removing copper from the industrial effluents.

Pleurotus ostreatus spent mushroom substrate was used to remove copper from
the effluent. The copper adsorption on spent mushroom substrate was carried out in
the batch experiment. The maximum adsorption of copper was reported to be
3.54 mg/g. To find out the mechanism of metal adsorption, isotherm, kinetic and
thermodynamic studies were conducted. Copper adsorption can be explained by
Langmuir and Freundich isotherms. The mean energy indicated the involvement of
chemisorption process for copper adsorption.

The adsorption data fitted well to the pseudo-second order kinetic model which
revealed the involvement of chemisorption process in the adsorption of copper ions
on spent mushroom substrate. Another mechanism involved in copper adsorption
was ion exchange mechanism which was confirmed by inductively coupled plasma
optical emission spectrometry. Copper forms weaker and reversible bond after
adsorption, revealing the involvement of ion-exchange mechanism in the copper
adsorption (Tay et al. 2016). This study showed that copper can be adsorbed by
using spent mushroom substrate, which is an economic and feasible option.

According to Sarioglu et al. (2009), copper removal efficiency has been affected by
the formation of insoluble complexes between copper ions and anionic charges which
is present on the surface of adsorbent such as hydroxide, carbonate and sulfate.

Adsorption of Manganese

Manganese in industry is used for rust and corrosion on steel. Ionized manganese
provides different colours depending on the oxidation state of ions. Manganese is
also used as cathode in zinc-carbon and alkaline batteries. Manganese compounds
are less toxic than the other heavy metals like nickel and copper, however exposure
to high doses even for short period produces toxic effects. Therefore, it is important
to treat manganese containing effluent prior to discharge in water bodies.
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Pleurotus spent mushroom substrate was selected as adsorbent to remove man-
ganese ions in a batch experiment and effect of pH, contact time and initial manga-
nese concentration were investigated by Kamarudzaman et al. (2015). The optimum
adsorption of manganese ions was achieved at pH 6, contact time 20 min., 10 mg/L
using 1 g dosage of Pleurotus spent mushroom substrate. The data of this study were
fitted well to Langmuir isotherm model and pseudo-second order kinetic model.
Again, this revealed the involvement of chemisorption process in manganese adsorp-
tion by spent mushroom substrate. This experiment indicates the suitability of spent
mushroom substrate for adsorption of manganese (Kamarudzaman et al. 2015).

Thereafter, Kamarudzaman et al. (2015) conducted an experiment in a fixed-bed
column for the removal of manganese by Pleurotus spent mushroom substrate. The
effect of various parameters such as flow rate, bed height and initial concentration
of manganese in the solution was studied. The results of breakthrough time, exhaus-
tion time revealed the influence of flow rate, bed height and initial manganese con-
centration. The breakthrough time and exhaustion time increased with decreasing
the flow rate and initial manganese concentration. In contrast to this, breakthrough
time and exhaustion time increased with increasing the bed height. The process
involved in the removal of manganese is confirmed as an adsorption process by
energy-dispersive X-ray spectroscopic analysis. Fourier-transform infrared
spectroscopy analysis revealed the involvement of carboxyl, hydroxyl and amide
functional groups as the active binding sites for manganese ion adsorption
(Kamarudzaman et al. 2015).

Adsorption of Zinc

The concentration of Zinc above the critical toxicity level, i.e. 200 mg per Kg is
reported to be toxic for cotton crops. Excessive amount of zinc in the soil severely
affects Gossypium hirsutum i.e. cotton plant and results in stunted growth. This
toxicity can be reduced by increasing the pH of soil because this pH helps in binding
the zinc to the soil organic matter and thus, reducing the bioavailability of zinc to
the plant (Williams 1980). Therefore, increase in pH of soil results in eliminating
the problem of zinc toxicity which is not practically feasible option.

Another method of ameliorating the zinc toxicity is the application of higher
organic matter in the soil (Romney et al. 1977). Shuman and Li (1997) performed a
study to find out the effect of lime and mushroom substrate in zinc adsorption from
the soil in order to reduce the effect of zinc on cotton plant. A pot experiment was
done by using spent mushroom substrate as adsorbent and zinc contaminated soil
and results were compared with non-polluted soil. Lime was used as a supplement.
In the pot, spent mushroom substrate alone and in combination with lime was
reported to reduce the zinc toxicity. There was a steady decline in the zinc toxicity
with increasing the lime supplementation. This experiment proved that lime and
spent mushroom substrate supplementation is effective in reducing zinc toxicity
from the soil where zinc concentration is very high. However, lime supplementation
alone is sufficient to remove zinc, when it is present at low concentration.
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9.3.5.3 Spent Mushroom Substrate of Agaricus

Agaricus species are widely cultivated mushroom on composted and non-composted
autoclaved substrate. After harvesting mushroom fruit bodies, a huge amount of
spent mushroom substrate is generated which discards as waste. Spent mushroom
substrate has also been used as adsorbent in the adsorption of dyes, heavy metals
and pollutants.

Adsorption of Lead

Agaricus spent mushroom substrate was used for removing the lead from aqueous
solution by Huang et al. (2009) and further, lead removal conditions were optimized
by Tagushi method (Taguchi and Konishi 1987). This was performed with four con-
trol factors, i.e. pH, contact time, adsorbent mass and initial lead concentration.
Huang et al. (2009) investigated the adsorption capacity of spent mushroom sub-
strate and percent removal of lead. The optimum adsorption capacity was reported
to be at pH 5, time 5 h, adsorbent biomass 10 mg, initial lead concentration
50 mg/L. However, the optimum condition for removal of lead was reported to be
pH 4, time 4 h, sorbent mass 0.010 g, initial lead concentration 50 mg/L. In these
conditions, optimum lead adsorption capacity and percent removal was 60.76 mg/g
and 80.50%, respectively.

Adsorption of Copper

Agaricus spent mushroom substrate was also used for the adsorption of copper.
Agaricus spent mushroom substrate was mixed in 20 ml water and then filtered
through filter paper. After filtration, mushroom mycelium was collected on filter
paper. Prior to use in the adsorption studies, collected mycelium was dried. For
adsorption studies, copper solution of 1 g/L, (w/v) was prepared by using copper
sulphate penta-hydrate (Siasar and Sargazi 2015). Adsorption, at initial stage was
faster compared to that occurred at later stage. The slow rate of adsorption at later
stage is possibly due to the low number of available sites for binding with adsorbate
or due to the shielding effect (Bishnoi et al. 2007).

The adsorption of copper is related to increase in pH of the solution from 2 to 6
due to the presence of negative charged ions on the surface of biomass. However,
adsorption of copper decreases dramatically between pH 6—8 which is possibly due
to the formation of anionic hydroxide complexes of the metal ions and their compe-
tition with the active sites. Adsorption of copper increases the density of positive
charge on the surface of adsorbent at low pH values, which further leads to reduced
rate of adsorption due to the repulsive forces. The maximum adsorption capacity of
copper ions was reported to be present at pH 6. In this experiment, Langmuir model
explained this as non-linear adsorption and suggested that uptake occurs on a
homogenous surface by monolayer adsorption without interaction between adsorbed
molecules. This experiment sheds a light on the fact that spent mushroom substrate
has good efficiency of adsorbing copper ions from the aqueous solutions, especially
with low metal concentrations.
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9.3.5.4 Modified Spent Mushroom Substrate

The adsorption capacity of spent mushroom substrate can be modified by preparing
activated carbon. Tay et al. (2015) prepared the spent mushroom substrate activated
carbon by using central composite rotatable design-response surface methodology.
In pre-carbonization stage, spent mushroom substrate was soaked in an activating
agent i.e. potassium hydroxide. This was followed by drying at 80 °C for 24 h and
further, carbonized in muffle furnace. Optimization of activated carbon percent
yield can be described by central composite rotatable design-response surface meth-
odology. This method helps in minimizing the use of chemicals and energy in the
preparation of activated carbon, which is utmost important to implement the tech-
nology for achieving healthy environment in a sustainable way.

Adsorption of Nickel

The spent mushroom substrate was modified in the form of activated carbon by
using Box-Nehnken design of response surface methodology. Md-Desa et al. (2016)
prepared the activated carbon by spent mushroom substrate using potassium hydrox-
ide as an activating agent. Potassium hydroxide forms the pores in activated carbon
due to intercalation of metallic potassium ion in the carbon structure and increases
the porosity of activated carbon. For the preparation of activated carbon, the spent
mushroom substrate was soaked in 3 M potassium hydroxide for 24 h which was
followed by drying at 80 °C for 24 h. This material was carbonized in the furnace at
500 °C with heating rate of 10 °C/min. The produced char was washed with hydro-
chloric acid and distilled water to remove residual potassium hydroxide and again,
dried at 80 °C. The prepared activated carbon was sieved to 150 pm and kept at
drying cabinet prior to use. A software generated experimental design was used to
assess the effect of preparation parameters of impregnation ratio, and activation
time. The potential of activated carbon derived from Pleurotus ostreatus spent
mushroom substrate was assessed for the removal of nickel. The batch adsorption
studies by varying adsorbent dosage, pH, contact time, metal concentration and
temperature were determined. The samples were shaken at 125 rpm, filtered through
filter paper and analyzed using inductively coupled plasma optical emission spec-
trometry. In this study, 50% nickel was adsorbed at 0.63 g adsorbent, pH 5-6, con-
tact time 60 min, nickel concentration 50 mg/L and temperature 25 °C. Further,
these results were also compared with Amberlite IRC86 resin and zeolite NK3. The
result indicated that spent mushroom substrate derived activated carbon have a great
potential (51.35%) to adsorb nickel from the water as compared to Amberlite IRC86
resin (39.31%) and zeolite NK3 (34.35%) (Md-Desa et al. 2016). The spent mush-
room substrate is an economic alternative to adsorb nickel from waste water.
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9.3.5.5 Super Adsorbent Preparation from Spent Mushroom Substrate

A super adsorbent was prepared by Ding and Gong (2013) using spent mushroom
substrate. Spent mushroom substrate from the mushroom bed is, generally, obtained
in the thick- slurried form with 80% water content. For the preparation of super-
adsorbent, spent mushroom substrate was allowed to air-dry to reduce its moisture
content up to 12%. This was followed by crushing into fine powder and passed
through 100-mesh sieve in order to get particles of uniform size. Now, spent mush-
room substrate along with ammonium persulfate, acrylic acid, N,N-methylene-
bisacrylamide, water and solution of 40% sodium hydroxide were added into heat
resistant bottles. This formed a suspension of 200 g in the bottle. After this, bottles
were placed in a microwave oven. The whole mixture was heated for 8 min at low-
grade-firepower till the porous hydrogel was formed. The gel was spread on an
aluminum plate and dried in a vacuum oven to reduce the water content up to 9%.
Again, the resin was passed through a 20-mesh screen. This material acted as a good
quality adsorbent and further, adsorption strength and gel strength increased with an
increase in the spent mushroom substrate ratio. The speed of adsorption was not
much affected by ammonium persulphate dosage unlike spent mushroom substrate
ratio. Scanning electron microscopy revealed the presence of multilayered and
loose particles in the prepared super adsorbent because spent mushroom substrate
particles interfere in the continuity of composite resin. The spent mushroom sub-
strate particles distribute uniformly in the acrylic resin and form sub-microscopically
homogenous composites (Ding and Gong 2013). This super adsorbent has been
produced successfully, however, not used in pollutant adsorption studies to till date.

9.3.6 Adsorption of Dyes

Dyes are considered as one of the toxic pollutant, released from various industries.
During the process of dyeing, about 10-20% of dyes is not utilized which releases
with the effluent and reaches the water bodies. These discharges increase the bio-
logical oxygen demand and chemical oxygen demand of the water bodies and make
them unsuitable for use. The dyes are complex molecules and therefore, not effi-
ciently degraded by bacteria (Singh et al. 2013). The partial degradation of dyes
leads to the production of toxic and mutagenic compounds like aromatic amines
(Lade et al. 2015). Fungi possess a variety of enzymes that helps them to grow in a
variety of environmental conditions. Moreover, live or dead biomass of fungi can
adsorb a variety of pollutants. Consider this fact, fungal culture bearing spent mush-
room substrate is used as adsorbent for dyes by many researchers (Toptas et al.
2014; Yan et al. 2015).
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9.3.6.1 Spent Mushroom Substrate of Agaricus bisporous

The spent mushroom substrate of Agaricus bisporus was used for the dye adsorp-
tion. Toptas et al. (2014) developed the procedure to use spent mushroom substrate
of Agaricus for adsorption of dyes. The collected Agaricus spent mushroom sub-
strate was washed with water and then dried in an oven at 60 °C overnight. This was
followed by grinding of spent mushroom substrate in fine particles of 0.2 mm or
lesser. The characterization of spent mushroom substrate revealed the presence of
chitin in the substrate (Toptas et al. 2014). This adsorbent was used in decoloriza-
tion studies of Acid Red 111 and Basic Red 18 and Levafix Braun E-RN dyes in
batch process. The dyes solutions were prepared in flasks and pH of the dye solution
was adjusted with dilute hydrochloric acid and sodium hydroxide using pH meter.
The spent mushroom substrate was added to the dye solution and then left at room
temperature. After the fixed time intervals, samples were withdrawn and filtered to
separate adsorbent and analyzed for absorbance at 418 nm for Levafix Braun E-RN
and 504 nm for Acid red 111 or Basic red 18. The conditions were optimized for pH,
contact time and amount of adsorbent. pH has an important role in adsorption of
dyes. The effect of pH on the Acid red 111 dye adsorption by spent mushroom sub-
strate was tested for a pH range from 2 to 6 and for different contact times and maxi-
mum uptake of Acid red 111 was reported at pH 3. The equilibrium was reached
after 6 h depending on pH of the solution. pH of the solution affects both surface
charges of spent mushroom substrate and dyes; and solubility of dyes and their
colour in solution. Further, pH influences the ionic interaction between adsorbent
and adsorbate due to its effect on the charge. At lower pH, the amino groups of chi-
tin in spent mushroom substrate possess negative charge due to which excess hydro-
nium ions are present on the surface of spent mushroom substrate. These negatively
charged ions of spent mushroom substrate can bind with the cations of dyes. Hence,
the adsorption of dyes on the surface of spent mushroom substrate occurs due to
ionic interaction. The dye binding ability of chitin is not affected by changing the
pH in the range of 2—7 because chitin remains insoluble and unaffected by the pres-
ence of protonated amines. At pH 3, contact time of 2 h was required to achieve
equilibrium. Depending on pH, maximum time required to achieve the equilibrium
is 6 h. With increasing the amount of spent mushroom substrate from 0.05 to 1.0 g
to fixed dye concentration, i.e. 100 mg/L, rate of adsorption increased and 0.2 g was
found to be the optimum amount of spent mushroom substrate. Initially, dyes
adsorption efficiency was reported to increase with an increase in the amount of
adsorbent up to 0.2 g due to increase in the availability of adsorption sites. However,
the efficiency of adsorption did not increase beyond this amount (Toptas et al. 2014).

In the case of adsorption of Levafix Braun E-RN (LB) dye using Agaricus spent
mushroom substrate, the pH range 2-5 was assessed in dye adsorption studies.
Results of the study showed that the adsorption capacity decreased with increasing
pH. The optimum adsorption was found at pH 2 (Toptas et al. 2014).

In case of reactive dyes, a covalent bond is formed between reactive groups of
the dye molecule and nucleophilic group within the fibers of spent mushroom sub-
strate. The hydroxyl group of cellulosic spent mushroom substrate, the amino and
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hydroxyl groups of proteins, and amino groups of polyamides contribute in the dye
adsorption process (Toptas et al. 2014).

It is reported in the literature that the equilibrium data fitted well with the
Langmuir and Freundlich isotherms in case of acidic and basic dyes. In contrast,
equilibrium data fitted well with the Langmuir isotherm model in case of reactive
dyes (Toptas et al. 2014). Thermodynamic parameters depicted that adsorption of
dyes on spent mushroom substrate is spontaneous and exothermic. Fourier-transform
infrared spectroscopy analysis revealed the involvement of hydroxyl, amine and
carboxyl groups in the dye adsorption process. Therefore, dye adsorption depends
on different parameters such as dye concentration, substrate concentration, pH and
temperature.

9.3.6.2 Modified Spent Mushroom Substrate As Adsorbent

Oxalic Acid Treated Spent Mushroom Substrate

The spent mushroom substrate can also be used in modified form in order to
increase the adsorption capacity. To enhance its adsorption capacity, spent mush-
room substrate can be treated with chemicals. In a study, conducted by Yan et al.
(2015) spent mushroom substrate was collected after the harvesting of mushroom
fruit bodies and washed thoroughly with running tap water which was followed by
rinsing with distilled water several times to remove impurities. The washed spent
mushroom substrate was dried in an oven at 85 °C for 6 h. The dried spent mush-
room substrate was ground into fine particles and sieved to 60—80 mesh particle
size. The dried spent mushroom substrate was treated with 0.6 mol/L oxalic acid
solution at 60 °C for 2 h. Then, the oxalic acid was removed by filtration. The fil-
trate was discarded and the oxalic acid treated spent mushroom substrate was dried
initially at 50 °C for 24 h and then by increasing temperature at 120 °C for 3 h. After
drying, oxalic acid treated spent mushroom substrate was stored in airtight con-
tainer. The oxalic acid treated sms was used as adsorbent in the methylene blue
(80 mg/L) adsorption experiments with 30 to 300 mg doses at original solution
pH. The decolorization of dye solution was assessed at different temperature ranges
303-333 K for 12 h with continuous stirring. Adsorption kinetic experiments were
performed by using 100 mg of oxalic acid treated spent mushroom substrate. Then,
the flasks were taken out at some intervals for sample withdrawal. The adsorbent
was removed by filtration through a 400 mesh nylon screen. The dye concentration
of supernatant was measured by UV-visible spectrophotometer. Characterization of
untreated and oxalic acid treated substrate by Fourier-transform infrared spectros-
copy analysis revealed the stretches and new peaks in the region of 2800-2900 and
1670-1760 cm~! which correspond to C-H stretching vibrations of carbonyl group
in the other constituents or in the carboxylic acid, respectively. This shows the
modification of surface of spent mushroom substrate in terms of increased number
of carboxyl group (Yan et al. 2015). Oxalic acid treatment helps in increasing the
number of carboxyl group on spent mushroom substrate which further increases the
adsorption capacity.
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In the adsorption experiment, conducted by Yan et al. (2015) methylene blue
adsorption capacity of oxalic acid treated spent mushroom substrate was analyzed
in the pH range of 2—10. The methylene blue adsorption capacity was reported to
increase in pH range 2—4. Further, increase in pH did not improve the adsorption
capacity. Methylene blue is basic dye and possesses positive charge in aqueous
solution while in the same condition; spent mushroom substrate is surrounded by
hydronium ions. Hence, methylene blue competes with the hydronium ions for
binding sites on spent mushroom substrate and electrostatic repulsion occurs, which
prevents the adsorption of methylene blue dye. Carboxylic groups are not deproton-
ated and ionize at pH below 4 which results in decreased adsorption. Oxalic acid
treated spent mushroom substrate possesses negatively charged carboxylic groups
that have ability to deprotonate at higher pH. Therefore, at higher pH 6, carboxylic
groups are easily deprotonated and carried out methylene blue adsorption process
due to electrostatic attraction between negative charged carboxylic group and posi-
tive charged dye. The oxalic acid treated spent mushroom substrate can also interact
with methylene blue dye due to hydrogen bonds formation (Yan et al. 2015).

The effect of contact time and initial concentration revealed the maximum
adsorption within the first 60 min., equilibrium was achieved in 120 min at dye
concentration of 100 mg/L and thereafter, no adsorption or little adsorption occurred.
Similar types of results were found at other concentrations. Again, this reveals the
presence of a huge number of adsorption sites on oxalic acid treated spent mush-
room substrate. When time is increased, the available site for adsorption decreased.
With the increase in initial methylene blue concentration ranging from 40 to
100 mg/L, the driving force for the mass transfer between adsorbent spent mush-
room substrate and dye solution increased which resulted in the increased adsorp-
tion capacity. It was also reported that equilibrium adsorption capacity decreases
from 128.2 to 19.7 mg/g with increasing the amount of oxalic acid treated spent
mushroom substrate from 25 to 200 mg. To study the effect of temperature on
adsorption, equilibrium adsorption capacity was reported to increase from 89.3 to
97.2%. The lower temperature was found to favour the adsorption process. Boyd’s
film-diffusion method elucidated the mechanism of methylene blue adsorption by
external mass transfer. The thermodynamic parameters indicated that the methylene
blue adsorption process by oxalic acid treated spent mushroom substrate is exother-
mic, feasible and spontaneous. This study sheds the light on the fact that oxalic acid
treated adsorbent can be used successfully for the adsorption of dyes and therefore,
can be used for the treatment of effluent possess methylene blue dye (Yan et al.
2015).

Recently, spent mushroom substrate co-pyrolyzed with Saccharina japonica i.e.
kelp seaweed biomass and used for adsorption studies of crystal violet dye by Sewu
et al. (2017). The potential of this co-pyrolyzed biochar was compared with bio-
chars having different compositions: (i) biochar from spent mushroom substrate
alone (ii) biochar prepared by adding 10% kelp extract to spent mushroom sub-
strate (iii) biochar from kelp extract added spent mushroom substrate. The results
of this study showed that biochar from kelp extract containing spent mushroom
substrate had the highest dye adsorption capacity with highest fixed carbon content
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(70.60%) and biochar yield (31.6%). Spent mushroom substrate co-pyrolyzed with
10% kelp extract was also reported to be a good adsorbent with 2.2 times higher
adsorption capacity i.e. 610.1 mg/g than spent mushroom substrate used alone i.e.
282.9 mg/g. Spent mushroom substrate co-pyrolyzed with 10% kelp extract had
high ash content, abundant functional groups as revealed by Fourier-transformed
infrared spectroscopy and coarse surface morphology. Langmuir model of adsorp-
tion is well fixed to the adsorption data (Sewu et al. 2017). This study shows that
the adsorption potential of spent mushroom substrate can be increased by using
kelp seaweed extract.

9.3.7 Adsorption of Pollutants

Industrial and agro-industrial activities lead to the release of effluent in the water
bodies. This effluent is loaded with a variety of chemicals, dyes or pollutants which
poses adverse effect on the environment and living beings. The natural remediation
process is slow and depends on the presence of microbes in soil. The supplementa-
tion of soil and water with spent mushroom substrate can be useful in the remedia-
tion of pollutants.

9.3.7.1 Polycyclic Aromatic Hydrocarbon Degradation by Spent
Mushroom Substrate of Agaricus

Polycyclic aromatic hydrocarbon is a contaminant, discharged by many industries,
in the environment. Many polycyclic aromatic hydrocarbons are toxic, mutagenic
and carcinogenic. These are lipid soluble and readily absorbed by gastrointestinal
tract of mammals and remains in body fat (Abdel-Shafy and Mansourb 2016).
Hence, it needs to be removed from the environment. Recently, Garcia-Delgado
et al. (2015) reported the use of spent mushroom substrate of Agaricus bisporous in
polycyclic aromatic hydrocarbons remediation from soil. To analyze the effect of
Agaricus spent mushroom substrate in terms of type or density of microbial popula-
tion on polycyclic aromatic hydrocarbons removal, it was amended in autoclaved
soil and un-autoclaved soil. First set was prepared in the autoclaved soil in order to
assess the effect of indigenous microbial population on the spent mushroom sub-
strate supplemented soil. This data provided the comparison of impact of indige-
nous soil microflora on the bioavailability of polycyclic aromatic hydrocarbons;
and the remediation potential of spent mushroom substrate and indigenous
microbes. Results indicated that naturally occurring indigenous microbial popula-
tion is ineffective in removing polycyclic aromatic hydrocarbons. Therefore, soil
was amended in two ways by using spent mushroom substrate. Firstly, spent mush-
room substrate was used directly without treatment. Secondly, spent mushroom
substrate was applied after sterilization and bioaugmented with A. bisporus in order
to find out the use of spent mushroom substrate as a microbial carrier. Polycyclic
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aromatic hydrocarbon removal efficiency of spent mushroom substrate was 17%.
No significant difference was reported to be present in terms of number of rings
degradation. The bioaugmented Agaricus bisporus to sterilized spent mushroom
substrate showed the most efficient degradation rate i.e. 29% as compared to spent
mushroom compost alone i.e. 21%. Results showed that spent mushroom substrate
bioaugmented with fresh Agaricus bisporous has great potential in removing the
polycyclic aromatic hydrocarbons and it can be used as carrier molecule (Garcia-
Delgado et al. 2015).

This experiment showed that spent mushroom substrate has the highest potential
in removing polycyclic aromatic hydrocarbons and therefore, can be used as a
potent adsorption tool.

9.3.7.2 Pesticide/Fungicide Adsorption by Spent Mushroom Substrate

Pesticides are toxic chemicals, however, used to control the pest in the agricultural
field. When pesticides used in an uncontrolled and unrestricted way to control the
pest, they accumulate in the environment. They produce adverse effects in the living
beings like toxicological effects, neurological disorder, cancer and hormonal disor-
der, fetal development. Hence, the use of pesticides must be controlled and strate-
gies are required to remove them from the environment.

Recently, Alvarez-Martin et al. (2016a) performed the experiment on the adsorp-
tion of polar and non-polar pesticides/fungicides by spent mushroom substrate. In
this study, cymoxanil and pirimicab were used as polar pesticides and tebuconazole
and triadimenol were used as non-polar pesticides. The spent mushroom substrate
was applied to the soil in different amounts that varies between 2 and 75%. The
spent mushroom substrate amended soil showed 90% adsorption of non-polar pes-
ticides. However, adsorption was only 56.3% for polar pesticides. Adsorption effi-
ciency for non-polar pesticides was reported to increase with increasing the amount
of spent mushroom substrate in soil. In contrast, such type of increment was not
observed in the case of polar pesticides. The possible reason of this was indicated
by increase in organic carbon content of the soil by spent mushroom substrate sup-
plementation. Therefore, spent mushroom substrate can be used as a tool to adsorb
non-polar pesticides from the soil and help in removing them.

The spent mushroom substrate can be used to immobilize pesticides when it is
applied to the soil. The spent mushroom substrate is rich in organic matter and
therefore, it can adsorb pesticides and reduces their bioavailability. In a study, con-
ducted by Herrero-Herndndez et al. (2011) for tebuconazole distribution in soil was
assessed in the soil depth upto 50 cm after 124, 209 and 355 days of application of
spent mushroom substrate. The study revealed the higher level of fungicide in the
deep layer of amended soil compared to non-amended soil. This was possible due
to the effect of organic matter of spent mushroom substrate on the soil. The spent
mushroom substrate was reported to bind with the pesticide to immobilize it and
further, prevents its spreading in the soil. Application of spent mushroom substrate
and fungi together in the field requires validation of data by comparing the field data
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and laboratory data in order to prevent water and soil contamination (Herrero-
Hernadndez et al. 2011). This also prevents the leaching of pesticides in soil and
ground water. Thus, the spent mushroom substrate is an important tool not only to
adsorb the pesticides, but also to degrade them by producing a variety of enzymes.

Further, the efficiency of spent mushroom substrate in the adsorption of linuron,
diazinon and myclobutanil was also compared with sewage sludge and grape marc
by Rodriguez-Cruz et al. (2012). The spent mushroom substrate was found to be
more effective for myclobutanil pesticide adsorption while grape marc was reported
to be effective for linuron and diazinon (Rodriguez-Cruz et al. 2012). Therefore,
spent mushroom substrate can be used for adsorbing pesticides from the soil, how-
ever, it depends on a variety of factors which affects the adsorption of one pesticide
not the other. These factors need to be investigated in detail and considered in order
to apply spent mushroom substrate in the field.

The efficiency of spent mushroom substrate as an adsorbent of fungicides was
evaluated by Sanchez-Martin and Rodriguez-Cruz (2012). In this study, different
types of spent mushroom substrate were used with eight different fungicides. In
fungicide adsorption studies by spent mushroom substrate, non-linear sorption iso-
therms were observed. Pre-adsorbed and post-adsorbed spent mushroom substrate
was analyzed by Fourier-transform infrared spectroscopy and changes in peaks and
bands revealed the active groups involved in the adsorption process. The spent
mushroom substrate also showed very low potential to desorb the fungicides
(Sénchez-Martin and Rodriguez-Cruz 2012). In a laboratory experiment, the effi-
ciency of Agaricus spent mushroom substrate was assessed for carbendazim and
moncozeb pesticides. The spent mushroom substrate was sterilized and used as car-
rier after loading with Trichoderma sp. and Aspergillus sp. (set 1). Another set (set
2) was loaded with Trichoderma sp., Aspergillus sp. and a bacterial isolate. The
highest degradation of mancozeb was achieved with set 2 while the highest degrada-
tion of carbendazim was achieved with set 1 in 15 days of incubation at 30 +2 °C. The
possible reason for this is the production of lignocellulolytic enzymes produced by
fungi to degrade carbendazim. In spent mushroom substrate-amended soil, adsorp-
tion of fungicides results in decrease bioavailability of fungicides (Alvarez-Martin
et al. 2016b).

Herrero-Herndndez et al. (2015) reported the effect of spent mushroom substrate
supplementation on the removal of azoxystrobin fungicide in laboratory conditions
and natural field conditions with and without spent mushroom substrate
supplementation. The spent mushroom substrate supplementation helps in more
adsorption of fungicide from the soil compared to non-supplemented soil.
Bioavailability of fungicide and its immobilization depends on the supplementation
of soil with spent mushroom substrate. The fungicide showed a stimulatory effect
on the dehydrogenase activity of soil. The spent mushroom substrate supplementa-
tion or non-supplementation directs the adsorption of azoxystrobin fungicide. There
are significant differences in the behavior of fungicide in two conditions i.e. labora-
tory conditions and field condition. In laboratory conditions, the dissipation of fun-
gicide much slower than that in field condition. Therefore, it is suggested to perform
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the experiment in field condition to derive any conclusion regarding the application
of spent mushroom substrate.

The fungicide adsorption depends on rate of spent mushroom substrate amend-
ment, use of composted and/or fresh spent mushroom substrate, incubation time.
The effect of the addition of fresh and composted spent mushroom substrate to the
soil was analyzed for penconazole and metalaxyl pesticides. The spent mushroom
substrate amendment also leads to the increase in immobilization of metalaxyl
(water soluble pesticide) and retention of penconazole (highly hydrophobic).
Therefore, spent mushroom substrate supplementation immobilized metalaxyl and
considered as good tool for removing metalaxyl from the soil (Marin-Benito et al.
2009). The spent mushroom substrate is a useful tool to increase the organic content
and immobilize the pesticides. The spent mushroom substrate amended soil was
found to adsorb more pesticide than the non-amended soil. Further, in the next
experiment, the effect of composted or fresh spent mushroom substrate was assessed
for iprovalicarb, penconazole, metalaxyl and pyrimethanil fungicides. The degrada-
tion rate of all fungicides decreased in the composted spent mushroom substrate
amended soil. However, it decreased only for iprovalicarb and penconazole in fresh
spent mushroom substrate amended soil. The highest mineralization of fungicides
was obtained in non-amended soil for metaxyl and penconazole fungicide. However,
the fresh spent mushroom substrate amended soil showed the formation of non-
extractable residues with metalaxyl fungicide. This study shows the differences in
the rate of degradation of fungicide with the fresh and composted spent mushroom
substrate supplementation and the characteristics of spent mushroom substrate
affecting the degradation process. Fresh and composted spent mushroom substrate
has different abilities to adsorb fungicides and therefore, a detailed investigation is
required for their application (Marin-Benito et al. 2012).

9.3.7.3 Adsorption of Antibiotics by Spent Mushroom Substrate

Sulphonamides are very popular antibiotics use to treat various diseases of human
beings and animals. The treated patients or animals secret these antibiotic with
excreta. These antibiotics reach the water bodies with run-off water; and agricul-
tural field due to the application of animal manure. In China, spent mushroom sub-
strate was used for the treatment of sulfa antibiotics containing water. Recently,
experiment was performed in laboratory conditions by Zhou et al. (2016). For this
purpose, spent mushroom substrate was collected and soaked in distilled water for
24 h, then washed, filtered and dried in an oven at 35 °C for 4 h. The dried material
were sieved to the desired mesh size i.e. 100-300 pm and stored in airtight con-
tainer. Experiments were conducted by varying contact time, initial concentration
range 0.5-10 mg/L and pH 1-11. The result of this study indicated that the data best
fit to pseudo second order kinetic model. Intra-particle diffusion study showed that
film diffusion occurred during the adsorption of sulfadrugs on to spent mushroom
substrate. Therefore, spent mushroom substrate is a good adsorbent to adsorb the
traces of sulfa drugs from waste water (Zhou et al. 2016).
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9.3.7.4 Modified Spent Mushroom Substrate for Pollutants Adsorption

Aluminum Hydroxide Coated Biochar for Fluoride Adsorption

Chen et al. (2016) suggested the use of aluminum hydroxide coated spent mush-
room substrate biochar for the adsorption of fluoride. Spent mushroom substrate
was modified to produce carbonized spent mushroom substrate biochar, which was
further coated by aluminum hydroxide. The preparation of aluminum hydroxide-
coated biochar was done by using 4 g spent mushroom substrate biochar and 40 ml
aluminum sulfate solution. Both were added to the beaker and stirred vigorously at
60 °C. The pH was then adjusted to 5 by using sodium hydroxide and hydrochloric
acid solution. This solution was filtered by vacuum filtration and put in the hot air
oven at 110 °C for 3 h to coat the spent mushroom substrate biochar with aluminum
hydroxide. The coated biochar was washed several times with distilled water in
order to remove sodium and sulfate salts and then dried in hot air oven at 100 °C for
5 h. The coated spent mushroom substrate biochar was ground into powder. To keep
uniform size particles, biochar was filtered through 6-mesh and then, placed in an
airtight container. The coated and uncoated biochar were characterized for adsorp-
tion properties. The specific surface area of coated and coated spent mushroom
substrate biochar was determined by BET method using the automatic surface area
analyzer. A scanning surface image of the coated and uncoated spent mushroom
substrate biochar was obtained by SEM technique. To analyze the elemental com-
position of coated and uncoated spent mushroom substrate biochar, energy-
dispersive spectrometer was used. An X-ray powder diffractometer was used to
analyze the structures and phases of uncoated and coated spent mushroom substrate
biochar surface.

This adsorbent was used in the adsorption studies and impact of adsorbent dos-
age, initial fluoride concentration, contact time, pH, and coexisting fluoride ion
adsorption. The adsorbent dosage between 0.4 and 8 g/L, initial fluoride concentra-
tion between 5—100 mg/L, contact time of 1-960 min was evaluated in 50 mL cen-
trifuge tubes in a batch experiment. These tubes were kept at shaker which was set
at the speed of 300 rpm for 180 min at room temperature i.e. 25 + 2 °C. The solution
was separated by filtration. Fluoride ion concentration was measured by an elec-
trode based method using fluoride ion selective electrode (Chen et al. 2016). In this
way, aluminum hydroxide coated spent mushroom substrate biochar was reported to
be more effective in removing the fluoride as compared to uncoated spent mush-
room substrate biochar. Langmuir isotherm is the best fit isotherm model to show
fluoride adsorption. The maximum fluoride adsorption capacity by aluminium
hydroxide coated spent mushroom substrate biochar was 36.5 mg/g and due to its
application, fluoride concentration was reduced to 1 mg/L from its initial concentra-
tion i.e. 10 mg/L (Chen et al. 2016).

The coated spent mushroom substrate biochar was reported to be having fluoride
ion adsorption capacity higher than that of other biomass-based adsorbents. Besides
this, coated spent mushroom substrate biochar can be used over a wide pH range.
It provides great operational advantages which are helpful in transferring this
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technology to the field. The spent mushroom substrate is generated as waste and has
the capacity to remove fluoride; this technique is economic to remove fluoride from
the water and hence is a very feasible method to implement.

9.4 Factors Affecting the Process of Adsorption

A number of factors influence the adsorption of metals from the effluents such as
pH, temperature, concentration of adsorbent and adsorbate, and bioavailability of
pollutants. The bioavailability of metal depends on various factors like buffering
capacity, mineral content of the substrate, organic content of the substrate and cat-
ion exchange capacity. Besides, the use of living and dead biomass require different
requirement for the removal of heavy metals and pollutants. Living biomass requires
the optimum conditions for growth like nutrient requirement, pH and temperature,
which is a dispensable factor for dead biomass (Gadd 2009).

Keeping all the factors in mind, an efficient method can be developed for the
adsorption of heavy metals and pollutants to reduce the risk of exposure of living
beings to heavy metals and pollutants (Ayangbenro and Babalola 2017). The factors
affecting the adsorption process are discussed here.

94.1 pH

The pH is an important factor as it affects the selectivity of spent mushroom sub-
strate. Therefore, it is necessary to maintain desired pH in order to induce the bind-
ing of spent mushroom substrate to a variety of pollutants and metals. The selectivity
of spent mushroom substrate depends on the functional groups, which may vary
according to pH. The binding properties of metal in the solution are also dependent
on pH (Dursun 2006) as it also affects the solubility of metal ions in the solution. In
order to demonstrate the effect of pH on adsorption capacity, several experiments
were conducted with different metals and spent mushroom substrate (Tay et al.
2012; Siasar and Sargazi 2015; Chen et al. 2016).

In a study, the effect of pH was demonstrated on the uptake of copper ions by
using different pH ranges 2—8 and found that copper ions adsorption increases with
increase in pH values up to 6. The increased pH up to 6 corresponds to the increase
number of negatively charged active sites which further facilitates the interaction
with positively charged metal ions. At pH 2, the surface of biomass is protonated
which exerts repulsive force on metal ions. With an increase in the pH up to 6, pol-
lutants and metals bind to spent mushroom substrate due to electrostatic interaction
and saturate the active sites of spent mushroom substrate which exert a repulsive
force, resulting in decreased rate of adsorption after attaining a limit. In contrast, at
higher pH values, the anionic hydroxides are formed. Siasar and Sargazi (2015)
reported the formation of anionic hydroxide at pH 6. In contrast to this, Tay et al.
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(2012) reported the formation of insoluble hydroxide at pH 8. Generally, at highly
basic condition i.e. pH about 8, anionic hydroxide complexes are formed which
competes for active sites and results in the decrease adsorption due to competition
between anionic hydroxide and metals for the active binding sites (Vimala and Das
2009; Siasar and Sargazi 2015; Ayangbenro and Babalola 2017).

Similar type of observation was observed for nickel adsorption by spent mush-
room substrate in aqueous solution. At low pH, the surface of spent mushroom
substrate is negatively charged due to which it attracts protons and surface of spent
mushroom substrate becomes protonated. When initial pH rises, the nickel adsorp-
tion increases due to deprotonation of binding sites. After saturation of binding sites
of spent mushroom substrate with nickel (II), adsorption decreases. The optimum
pH value for nickel adsorption is 4.5 which is also the initial pH of the aqueous solu-
tion of nickel and therefore, there is no need of adjusting pH (Tay et al. 2011).
Similar type of effect of pH on adsorption was observed for lead and cadmium by
spent mushroom substrate of Pleurotus platypus, A. bisporus and C. indica, respec-
tively (Vimala and Das 2009) and lead uptake by P. osteatus (Liew et al. 2010).
Hence, adsorption of cationic metals reduced at very low pH i.e. between 2 and 4
and increases with increase in pH up to 6. Again with increase in pH, adsorption
decreases due to insoluble metal hydroxide formation.

In contrast to above, it is also reported that the anionic metal species like plati-
num chloride chromium oxide, gold cyanide adsorption increases with decrease in
pH. These studies proved that the solubility and bioavailability of heavy metals can
be affected by the pH values of the solution. Occasionally, adsorption process is not
dependent on pH like adsorption of silver ions, mercury ions and gold chloride due
to the formation of covalent complexes with nitrogen and sulphur containing ligands
(Gadd 2009).

9.4.2 Bioavailability of Pollutants in Natural Condition

In natural condition, bioavailability of pollutant is considered as an important factor
in planning the adsorption strategy. For e.g., soil characteristics play an important
role in the adsorption of pollutants from the soil by using spent mushroom substrate.
Soil properties are affected by the presence of organic matter because organic mat-
ter has a strong impact on the cation exchange capacity, buffer capacity, and on the
retention and bioavailability of heavy metals. Soil with low organic matter usually
found to have a high content of heavy metals which is bioavailable to plants and
microbes. In contrast to this, organic content of the soil binds with the heavy metals
and make them less mobile and less bioavailable to microbes and plants (Ayangbenro
and Babalola 2017). Therefore, idea of using spent mushroom substrate is related to
increase the organic content of the soil, which further immobilize metals in the soil
due their adsorption and make them unavailable to plants. Therefore, spent mush-
room substrate based amendments help in reducing the toxicity of heavy metals by
reducing their bioavailability to the plants.
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9.4.3 Temperature

Temperature also plays an important role in adsorption of heavy metals and pollut-
ants. The raise of temperature increases the fluidity of liquid due to decrease in
viscosity and hence, increases the adsorption. Another reason of high adsorption
due to increase in temperature is related to increase rate of diffusion of adsorbate
particles into adsorbent. Temperature also affects the stability of metal ions present
in the solution (Ayangbenro and Babalola 2017). Therefore, increase in temperature
increases the metal adsorption capacity.

9.4.4 Contact Time

Another important factor in the study of metal removal and pollutants removal by
spent mushroom substrate is contact time. It is the time to which spent mushroom
substrate is exposed to the metal or pollutant. The adsorption is a process in which
attaining equilibrium is an important criterion. Adsorption of heavy metals, dyes
and pollutants occurs initially at faster speed, however on increasing the contact
time the process gradually decreases. After applying spent mushroom substrate to
the solution, adsorption of heavy metals or pollutants gradually decreases with
increase in the contact time. Initially, a large number of binding sites are available
on the spent mushroom substrate to which metal or pollutant binds. However, on
increasing the contact time, spent mushroom substrate covered with adsorbate and
reduced vacant sites. The remaining vacant sites cannot be occupied further, due to
repulsive forces between the molecules of adsorbate and pollutant or metal covered
adsorbent (Siasar and Sargazi 2015).

9.4.5 Characteristics of Biosorbent

The most important characteristic of biosorbent includes its porosity. The biosor-
bent must be porous in order to allow the uptake of metals and pollutants. Secondly,
it must possess active functional groups bearing negative charge like alkyl, hydroxyl,
or amino compound, aliphatic alcohol, carboxyl and carbonyl groups. The spent
mushroom substrate is rich in calcium because calcium salts are used in the prepara-
tion of mushroom substrate. These calcium ions can be replaced by the metal ions
by ion exchange process during adsorption. This replacement of calcium ions with
metal ions can be observed by changing peaks in the Fourier-transform infrared
spectroscopy analysis (Tay et al. 2011).

The binding of cations on the negatively-charged surface of spent mushroom
substrate may increase adsorption of anions. Occasionally, the binding of cations to
spent mushroom substrate may enhance the adsorption of another cation due the pH
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based buffering effects. This can be understood by the example of adsorption of zinc
on the calcium-rich spent mushroom substrate. In the preparation of mushroom
substrate, calcium carbonate is used which saturate the spent mushroom substrate
with the calcium ions. It is reported that this calcium containing spent mushroom
substrate have better efficiency for zinc adsorption (Fourest et al. 1994) because
calcium ions are replaced by zinc during adsorption process. The adsorption process
also depends on the characteristic and charge of spent mushroom substrate and
interference of metals ions. For e.g. some negative charge ions on spent mushroom
substrate can increase the adsorption of metals. In contrast to this, presence of car-
bonate, chlorides and phosphate interferes in the adsorption process due to the for-
mation of insoluble precipitates with metals. For e.g., chloride ions may form
complex with cadmium like cadmium chloride, which may influence the adsorption
process (Trevors et al. 1986).

9.4.6 Status of Fungal Biomass on Spent Mushroom Substrate

As mentioned earlier, the spent mushroom substrate is an immobilized source of
mushroom mycelium. During mushroom cultivation, mushroom mycelium is
immobilized on agricultural or agro-industrial wastes. During the mushroom culti-
vation, ambient conditions are provided to cultivate mushrooms. Therefore, these
substrates possess living biomass. This biomass remains viable in spent mushroom
substrate even after the harvesting of fruiting bodies. However, mycelium loses its
viability when stored for a longer time. After long-term storage, mushroom myce-
lium can be used as source dead fungi. Besides long-term preservation of spent
mushroom substrate, the viability of mycelium is also affected by its modification
in any form. Initially, when it is applied immediately after collection, there is need
to maintain the conditions in order to maintain its viability. After drying, chemical
treatment, or using old/preserved spent mushroom substrate, better adsorption can
be achieved without the need of maintaining the conditions like pH, temperature
during adsorption process. Live mycelium bearing spent mushroom substrate, usu-
ally, adsorbs metal and pollutants on the basis of metabolism-dependent process.
However, dead mycelium bearing spent mushroom substrate, treated spent mush-
room substrate adsorbs the metals by the metabolism-independent process. This
type of adsorption is the result of interaction between pollutant or metal ions and
surface of spent mushroom substrate. The mushroom mycelium is composed of
chitin and other complex macromolecules. These surface molecules possess nega-
tive charge due to the presence of carboxyl, sulfate, phosphate, carbonyl, amino
groups. The presence of these groups remains unaffected by living or dead status of
biomass. Therefore, the spent mushroom substrate can bind with positive charge
metals and involved in metal chelation. In this way, spent mushroom substrate
adsorbs metals which are present in the solution (Javanbakht et al. 2014).
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9.4.7 Particle Size of Biosorbent

The particle size of biosorbent is an important property to consider for adsorption
process. The fine particles have more surface area as compared to coarse particles.
Therefore, fine particles can adsorb more compare to coarse particles. The adsorp-
tion is not a rate controlling process. It depends on intra-particle mass transfer,
which controls the rate of adsorption and therefore, considered as a constraint for
the adsorption process (Javanbakht et al. 2014).

9.4.8 Influence of Initial Metal Concentration

The initial concentration of pollutants, dyes, or metals poses a great influence on the
adsorption process. Initially, adsorption increases with increase in the concentration
of pollutant or metals due to their availability in high amount. There is interference
of mass transfer resistance in the adsorption process. However, higher initial con-
centration of pollutant exerts high driving force to overwhelm the mass transfer
resistance between pollutant/metal ions and adsorbents (Gadd 2009). This type of
phenomenon for copper ions adsorption was reported by Tay et al. (2012).

9.5 Advantages of Spent Mushroom Substrate As Biosorbent

The spent mushroom substrate is waste from mushroom industry and therefore, it is
beneficial to use for adsorption of metals and pollutants. Moreover, it is economic
technique to implement in the field. A few studies conducted in the field shed the
light on the suitability of spent mushroom substrate for adsorption of pollutants
(Herrero-Hernandez et al. 2011).

The spent mushroom substrate can be reused, recycled for the adsorption of pol-
lutants (Javanbakht et al. 2014). The adsorption capacity of spent mushroom sub-
strate may be increased by using different chemical treatments and by modifying it
in activated carbon form (Tay et al. 2015; Md-Desa et al. 2016). There is also pos-
sibility of metal recovery after adsorption of metals on spent mushroom substrate.
A detailed study on the metal recovery options will make the use and disposal of
spent mushroom substrate, a safer option. Proper utilization of spent mushroom
substrate will also reduce the generation of waste from mushroom industry. The
spent mushroom substrate can be composted and stored for a longer time with main-
taining its sorption capacity. It will not release any toxin which adversely affects the
growth of soil microbes and living beings.
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9.6 Limitations of Spent Mushroom Substrate As Biosorbent

As mentioned earlier, spent mushroom substrate is generated as waste from mush-
room production units. Therefore, it is economic option, if used in natural form, to
adsorb the pollutants from the environment. The cost is slightly higher in the cases
where a special treatment is given to spent mushroom substrate to modify its prop-
erties. The major limitation with spent mushroom substrate is its disposal after
adsorption. There is scarcity of reports on the fate of spent mushroom substrate after
adsorption. As the spent mushroom substrate is loaded with high amount of pollut-
ants and heavy metals, it need to be treated and disposed in a proper way in order to
prevent the spread of its toxicity in the environment. The current options of dispos-
ing spent mushroom substrate like incineration and landfill are not feasible option
(Javanbakht et al. 2014). Heavy metals loaded spent mushroom substrate may be
used for the recovery of metals. The detailed methodology is required to be devel-
oped for the extraction of metals and reuse of spent mushroom substrate (Siasar and
Sargazi 2015). Another limitation of using spent mushroom substrate for adsorption
lies in the differences in the adsorption capacity of different species of mushroom.
As mentioned in the aforesaid paragraph, a single species of mushroom do not pos-
sess the capacity to adsorb all types of pollutants from the environment. Moreover,
there is scarcity of reports on the field scale studies. A laboratory based experiments
do not provide complete information about the adsorption of pollutants from the
environment because standard conditions cannot be maintained in the environment
and interference of indigenous population cannot be avoided. Therefore, a detailed
investigation is required for the adsorption of pollutant by spent mushroom sub-
strate in field conditions. There is need of many efforts to improve biosorption pro-
cess like optimization of process at pilot scale to implement technology.

9.7 Conclusion

In this chapter, the possibility of using mushroom and spent mushroom substrate as
green adsorbent have been discussed along with their pros and cons. A detailed
review of the adsorption of pollutants using spent mushroom substrate and mush-
room revealed their suitability in the adsorption of pollutants. Mushroom and spent
mushroom substrate can be modified for enhancing their adsorption capacities. This
technology provides a good option for adsorption of pollutants. However, the main
problem of using mushroom or spent mushroom substrate is the generation of toxic
sludge after adsorption. It is necessary to address and solve the problem of toxic
sludge generation and utilization by doing research in this area. The utilization of
spent mushroom substrate has high potential to be developed into a sustainable
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technology. It is an environmental friendly approach for adsorbing pollutants from
industrial effluents and soil. Moreover, the utilization of spent mushroom substrate
will not only reduce the waste of mushroom farm, but also remove pollutants from
the effluent and soil. Therefore, efforts need to be done to implement the technology
in the field.
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