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ABSTRACT
The pulp and paper industry is a significant contributor of pollution to the environment, with
effluents characterized by high chemical oxygen demand (COD), lignin, and color. White-rot fungi have
the potential for treating these contaminants since they produce a variety of enzymes which can degrade
lignin and other organic compounds. Each white-rot fungus produces different enzymes, however, and it
has been shown that co-culturing various species together in suspension can increase total enzyme
production and yield better overall remediation.
In this study, the possibility of more efficient remediation of pulp and paper mill effluent was
investigated by culturing the white rot fungi Phanerochate chrysosporium and Pleurotus ostreatus
individually and together in a series of batch tests. The fungi were immobilized on 1” plastic Tri-pack balls
in replicate, aerated batch reactors containing effluent from a local pulp and paper mill.
The studies of P. chrysosporium alone indicate that it is able to remove 14-24% of COD, 15-30%
of lignin, and 20-40% of color in unamended pulp and paper mill wastewater. With added carbon and
nitrogen, the efficiency of remediation was enhanced 2 – 3 times, yielding removal of 50-60% COD, 70%
lignin, and 40-50% color after only 7-14 days. Similarly amended studies with P. ostreatus yielded
removal of 60-80% COD, 50-65% lignin, and 30-50% color. Co-culturing studies with the two fungi show
high capacity for fungal growth and the overall remediation was increased 5-10% for COD, lignin, and
color removal. Continuous-flow tests will be needed to validate these results prior to the development of
full-scale mycoremediation systems for treating pulp and paper mill wastewater.
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Chapter 1

Introduction
The pulp and paper industry is a major consumer of natural resources (wood, water) and
energy (fossil fuels, electricity) and is a significant contributor of pollutant discharge to the
environment. It ranks as the third worldwide industrial polluter to air, water, and land
(http://en.wikipedia.org/wiki/paper_pollution). It is also one of the most important industries of
the North American economy, ranking as the fifth largest industry in the United States (U.S.)
(Nemerow and Dasgupta, 1991). Wood pulping and the production of the paper products generate
a considerable amount of pollution characterized by high biochemical oxygen demand (BOD),
chemical oxygen demand (COD), suspended solids (SS), toxicity, and color when untreated or
poorly treated effluents are discharged to receiving waters.
The high water usage of pulp and paper production, between 20,000 and 60,000 gallons
per ton of product (Nemerow and Dasgupta, 1991), results in large amounts of wastewater
generation. The effluents from this industry can cause slime growth, thermal impacts, scum
formation, color problems, and loss of aesthetic beauty in the environment. They can also
increase the amount of toxic substances in the water, causing death to the zooplankton and fish, as
well as profoundly affecting the terrestrial ecosystem. The growing public awareness of the
effects of these pollutants, and stringent regulations established by various governmental
authorities, such as provincial and federal agencies, are forcing the industry to treat effluents to
the required compliance level before discharging them to the environment. Many different studies
have been conducted so far, and biological treatments have been shown to be particularly
attractive for the remediation of pulp and paper mill wastewaters since, in addition to color
removal, they also reduce the BOD and COD of the effluent (Bajpai, 1994). Several studies have
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reported that different fungal species are able to remove lignin, COD, and color from kraft mill
effluent (Durant et al., 1994; Sakurai et al., 2001). White-rot fungi in particular have proven their
potential for lignin/phenolic wastewater treatment since they produce enzymes including lignin
peroxidases (LiP), manganese peroxidase-dependent peroxidases (MnP), and laccases (Lac)
(Conesa et al., 2002) which are able to degrade the lignin found in pulp bleaching effluent.
Since different white-rot fungi produce different types and quantities of enzymes, coculturing different fungal strains together on aspen woods has been shown to increase total
enzyme production (Chi et al, 2007). It has also been shown that better overall treatment of
lignin, COD, and color in pulp and paper mill effluent using individual fungal strains is enhanced
when mycelia are immobilized on a support structure in diluted black liquor, an aqueous solution
of lignin residues, hemicellulose, and inorganic chemical used in the pulping process (Wu et al.,
2005).

To date, no one has investigated the immobilization of multiple fungal strains for

enhanced remediation efficiency of pulp and paper mill wastewater. In this study, the different,
but widely used white rot fungi, Phanerochate chrysosporium and Pleurotus ostreatus, were
immobilized individually and together in a series of batch tests. These fungi were selected based
on their combined production of all three types of necessary enzymes (LiP, MnP, and Lac) which
were anticipated to result in enhanced degradation of the contaminants of interest in this study.
The fungi were cultured on 1” plastic Tri-pack® balls in replicate, aerated batch reactors
containing effluent from a local pulp and paper mill, and improvements in water quality measured
over time.
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Chapter 2

Literature Review
2.1 The Pulp and Paper Kraft Process
Pulping is the initial stage of the paper making industry in which wood chips are treated
to remove the fibrous pulp from the rest of the wood, fiber crops, or waste paper. It is the largest
source of the pollution in the whole process of papermaking. High amounts of wastewater are
generated at different stages of this process. Pulp fibers can be prepared from a vast majority of
plants in nature such as woods, straws and grasses, bamboos, or canes and reeds. Wood is the
most abundant source of papermaking fiber. There are three types of pulping: mechanical,
chemical, and chemo-mechanical. In the mechanical pulping process, wood logs or wood chips
are steamed and ground into wood pulp. The pulp yield by mechanical pulping is as high as 90–
95% (Smook, 1992), but the quality of the pulp is of low grade, highly colored, and contains short
fibers. Pulping can also be carried out chemically, where the wood chips are cooked with
appropriate chemicals in an aqueous solution at an elevated temperature and pressure to break the
chips into a fibrous mass. The pulp yield by chemical pulping is about 40–50% of the original
wood material, but the pulp quality is better than mechanical pulp (Smook, 1992). Chemical
pulping is carried out in one of two media: alkaline (Kraft process) or acidic (Sulfite process).
• Kraft process: The woodchips are cooked in a solution of sodium hydroxide (NaOH)
and sodium sulfide (NaS2). This process is widely used.
• Sulfite process: The wood chips are cooked in a mixture of sulfurous acid (H2SO3) and
hydrogen sulfite ions (HSO3-) to dissolve lignin.
A third pulping process is called chemo-mechanical pulping (CMP) by which the raw
wood material is first treated chemically and then subjected to drastic mechanical treatment to
separate the fibers. The efficiency ranges from 85–90% and the strength of the pulp is generally
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better than the pulp from mechanical pulping alone. The thermo-mechanical pulping (TMP)
process involves steaming the raw materials under pressure for a short period, prior to and during
refining. The thermo-mechanical process is further modified using chemicals during the steaming
stage, and the process is called chemi-thermomechanical pulping (CTMP). The final step in
papermaking consist of two parts: one is stock preparation by treating the pulp to the required
degree of fitness, and the other is paper making where the treated pulp is passed through
continuous moulds/wires to form sheets.
The Kraft process is the dominant method for producing high quality bleached pulp in
both the U.S. (98%) and the around the world (93%) (American Forest & Paper Association
1993; Food and Agriculture Organization of the United Nations 1993). Additional details about
the pulping and bleaching processes are provided below.

2.1.1 The Pulping Process
To produce high quality pulp from wood, the desired cellulose fibers are chemically
separated from the rest of the wood, especially from the complex organic "glue" known as lignin.
Most of the lignin is removed during the pulping process, in which the wood chips, chemicals,
and steam react in a pressurized vessel known as a digester. After two to four hours in the
digester, the pulp is washed to remove the black liquor, a mixture of degraded lignin, other wood
components, and used pulping chemicals. The dark brown product, unbleached kraft pulp,
consists of long, strong fibers that are ideal for grocery bags and corrugated shipping containers.
The pulp is stored for future use, while the black liquor is concentrated and sent to a special
furnace called the recovery boiler. In the recovery boiler, the organic waste is burned, producing
steam and electricity for mill operations, and the pulping chemicals are recovered for reuse within
the mill. Trace amounts of organic sulfur compounds formed during the pulping process cause the
"rotten egg" smell that has been associated with kraft pulp mills.
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2.1.2 The Bleaching Process
Mills that use conventional digesters remove 90-95% of the lignin during the pulping
process; more selective bleaching agents then remove the remaining lignin and colored
substances to brighten the brown unbleached pulp to a white pulp. The Kraft pulp bleaching
process consists of several stages to minimize chemical use and to maintain the strength of the
pulp. The pulp usually is washed after each bleaching stage to remove any organic material that
can be washed out with water.
The first stages of the bleaching process remove most of the remaining lignin in the
unbleached pulp; the last stages brighten the pulp. In the first bleaching stage, the pulp is exposed
to oxidants, which break down the lignin polymer and make it more reactive with other bleaching
chemicals. Chlorine, an inexpensive and powerful bleaching agent, and small amounts of chlorine
dioxide, a powerful oxidizing agent that selectively attacks the lignin, traditionally have been
used in this stage.
In the next stage of the bleaching process, the pulp is exposed to a caustic solution
(sodium hydroxide, NaOH). In this stage, known as alkali extraction, the caustic reacts with the
degraded lignin so that it dissolves in the water and can be washed out of the pulp. Because most
of the remaining lignin is removed from the pulp in this stage, this stage is the main source of
color and organic material in the effluent. In the final stages, chlorine dioxide, sodium
hypochlorite, or hydrogen peroxide may be used to brighten the pulp. In traditional bleaching
processes, relatively little organic waste is generated during these last stages.

2.2 Sources of Pollution
Pulp and paper processes utilize large amounts of water, which are discharged as effluent.
The most significant sources of water pollution among various process stages are wood
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preparation, pulping, pulp washing, screening, washing, bleaching, and paper machine and
coating operations. Among these processes, pulping generates a high-strength wastewater
especially when chemical pulping is used. This wastewater contains wood debris and soluble
wood materials. Pulp bleaching generates the most toxic substances as it utilizes chlorine for
brightening the pulp. If wood is used as the source of paper fiber, then various compounds
(lignin, carbohydrate, and extractives), which are hard to biodegrade, are washed away from the
fibers during the washing, dewatering, and screening processes. Depending upon the type of the
pulping process, various toxic chemicals such as resin acids, unsaturated fatty acids, diterpene
alcohols, chlorinated resin acids, and others are generated in the pulp and paper making process.
The pollutants at various stages of the pulping and paper making process are presented in
Figure. 2-1. It is clear that each individual pulping stage generates different quantities, qualities,
and types of pollutants.

Figure 2-1: Pollutants from various sources of pulping and papermaking (US EPA, 1995).
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2.3. Wastewater characteristics
The characteristics of the wastewater generated from various processes of the pulp and
paper industry depend upon the type of process, type of wood materials, process technology
applied, management practices, internal recirculation of the effluent for recovery, and the amount
of water used in the particular process. The focus of this study is wastewater from the kraft
process, which generates wastewater with characteristics as shown in Figure 2-2 and Table 2-1.

Figure 2-2: Influent (left) and effluent (right) from kraft process (Phoenix Pulp and Paper PCL).

Table 2-1: Characteristics of pulp and paper mill wastewater (Phoenix Pulp and Paper PCL,
Thailand 2009).
Parameter

Unit

Influent

Effluent

pH

-

5.0-6.0

6.5-7.5

BOD

mg/l

400-500

6-8

COD

mg/l

1,000-1,500

250-350

SS

mg/l

300-500

20-25

TDS

mg/l

2,400-2,800

2,400-2,800

Color

unit (Pt-Co)

1,000-1,200

800-1,000
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2.4 Wastewater treatment
Pollution from the pulp and paper industry can be minimized by various internal process
changes and management measures. However, the treatment of the wastewater by various
external processes is essential. Since the pulp and paper industry discharges varieties of
pollutants, the treatment methods also vary.

2.4.1. Physicochemical treatment
Physicochemical treatment processes include removal of suspended solids, colloidal
particles, floating matter, colors, and toxic compounds by one or more of the following
technologies: sedimentation, flotation, screening, adsorption, coagulation, oxidation, ozonation,
electrolysis, reverse osmosis, ultra-filtration, and nano-filtration. The treated wastewater can be
reused or discharged. In every stage of treatment, biological oxygen demand (BOD) and (COD) is
reduced considerably, however, the treatment cost is high compared to other processes.

2.4.2. Biological treatment
For the treatment of pulp and paper mill wastewater, physical and chemical processes are
sometimes quite expensive and only remove high molecular weight contaminants such as
chlorinated lignins and suspended solids, while low molecular weight compounds are not
removed efficiently. Biological processes appear to have better potential for effective treatment.
Biological processes use several classes of microorganisms including bacteria, algae, and fungi.
Aerobic treatment is the use of free or dissolved oxygen by microorganisms (aerobes) to degrade
organic wastes. Since oxygen is available as an electron acceptor, the biodegradation process can
be significantly accelerated, leading to increased throughput capacity of a treatment system. The
most common aerobic biological treatment processes are activated sludge, aerated lagoons, and
aerobic biological reactors. In addition to aerobic treatment, anaerobic treatment is another type
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of biological treatment of wastewater. Because air or molecular oxygen is not used, anaerobic
treatment is considered more suitable for high strength organic effluents because the absence of
oxygen leads to controlled anaerobic conversions of organic pollutants to carbon dioxide and
methane, the latter of which can be utilized as energy source. Before the 1980s, the treatment of
pulp mill effluents by anaerobic means was limited, as most of the pulp mill effluents at that time
were less concentrated (300–2,000 mg/L BOD) (Bajpai, 2000) and unsuitable for anaerobic
treatment. Anaerobic filter, upflow sludge blanket (UASB), fluidized bed, anaerobic lagoon, and
anaerobic contact reactors are anaerobic processes that are commonly used to treat pulp and paper
mill effluents today.

2.5 Fungal Treatment of Pulp and Paper Mill Wastewater
It has been shown in considerable detail that there are three main groups of wood-rotting
fungi, that is, white-rot, brown-rot, and soft-rot fungi that are able to attack and degrade
lignocellulosic materials. The enzyme mechanisms involved in the degradation of cellulose and
the hemicelluloses have been investigated and are known in depth, but the complex mechanisms
of lignin degradation are only known in some detail.
The main lignin degraders in nature are white-rot fungi (Fig. 2-3). There are several
thousand species of white rot fungi; most of them are Basidiomycota, in addition to a few
Ascomyta. White-rot fungi belonging to the subdivision Basidiomycota attack either hardwood or
softwood, while it seems that Ascomycota only degrade hardwood (Kirk and Farrell, 1987).
White-rot fungi can degrade lignin faster than any other organism, and they are responsible for
most of the lignin decomposition in nature. Due to this, white-rot fungi have been used to remove
chlorinated aromatic and aliphatic components in wastewater from the bleached kraft pulp and
paper process (Eriksson and Bermek, 2009).
White-rot fungi degrade lignin by means of extracellular oxidative enzymes (Hatakka
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1994), the best characterized of which are laccase, lignin peroxidases (LiPs), and manganese
peroxidases (MnPs).

Figure 2-3: White-rot fungi in the environment. Left: white-rot fungal activity results in
bleaching of the wood substrate. Right: Pleurotus ostreatus, a common edible white-rot
mushroom. Pictures taken from http://botit.botany.misc.edu/toms_fungi/.
 Lignin peroxidase (Enzyme Commission (EC) number 1.11.1.14, LiP) is a hemecontaining glycoprotein, which requires hydrogen peroxide as an oxidant. This enzyme is
also referred to as extracellular fungal peroxidase. The mechanism by which LiP interacts
with the lignin polymer involves veratryl alcohol (Valc), a secondary metabolite of white
rot fungi that acts as a cofactor for the enzyme. LiP oxidizes non-phenolic lignin
substructures by subtracting one electron and generating cation radicals which are then
decomposed chemically (Eriksson et al, 1990).
 Manganese peroxidase (Mn-dependent peroxidase, EC 1.11.1.13, MnP) is a hemecontaining glycoprotein, which requires hydrogen peroxide as an oxidant. It is an
extracellular fungal peroxidase, which aids in lignin degradation. MnP oxidizes Mn(II) to
Mn(III) which then oxidizes phenol rings to phenoxy radicals which leads to
decomposition of compounds and in mediating the initial steps in the degradation of
high-molecular mass compounds (Perez and Jeffreis, 1992).
 Laccase (benzenediol:oxygen oxidoreductase, EC 1.10.3.2) is a copper-containing
oxidase enzyme that is found in many plants, fungi, and microorganisms. In contrast to
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LiP and MnP, laccase is not strictly extracellular; high intracellular levels have been
demonstrated in certain fungi. Laccase also plays a role in the degradation of lignin,
which utilizes molecular oxygen as oxidant and also oxidizes phenolic rings to phenoxy
radicals (Eriksson et al, 1990). It also has the capacity to oxidize non-phenolic
compounds under certain conditions. Although it was first detected as early as the 1880s,
the physiological function of laccase is not clear. Even now, its role in lignin
biodegradation is uncertain, but probably has some synergistic role in between LiP and/or
MnP (Hatakka 1994).

From time to time, various studies have tried to establish correlations between
ligninolytic enzymes and lignin degradation. Since the discovery of two important peroxidases in
the 1980s, namely LiPs and MnPs (Eriksson et al, 1990), an array of ligninolytic enzymes have
been isolated. Different white-rot fungi produce different combinations of enzymes. According to
their typical production patterns of extracellular ligninolytic enzymes, white-rot fungi may be
divided to three main groups:
1. LiP-MnP group:
Lignin biodegradation studies have been carried out mostly using Phanerochaete
chrysosporium, which is a typical representative of LiP-MnP group fungi. However, it
has been shown that only about 40% of all studied white rot fungi produce LiP (Table 23). There may be many conditions affecting fungal LiP activity, such as the use of
unsuitable medium or cultivation conditions. Inductors or elicitors, (e.g. veratryl alcohol
and other aromatic compounds), strongly regulate the production profile of different
enzymes. It is also possible that in some studies the medium contains enough Mn to
repress LiP expression. See Appendix A for examples of white-rot fungi in LiP-MnP
group.
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2. MnP-laccase group:
Several fungi which are efficient lignin degraders in nature, and are especially suitable
for selective lignin degradation, apparently do not produce LiP. This has led to reevaluation of the role and significance of LiP in lignin biodegradation. The conditions
required for lignin degradation may be different for fungi in the MnP-laccase group
compared to those belonging to LiP-MnP group. Lignin degradation occurs during
primary growth, unlike in P. chrysosporium, P. radiata or C. versicolor. High nutrient
nitrogen does not depress lignin degradation. See Appendix A for examples of white-rot
fungi in MnP-laccase group.
3. LiP-laccase group:
There are several fungi which apparently do not produce MnP activity but readily secrete
LiP in their extracellular fluid. In addition, they produce laccase, but not MnP even in
elevated Mn (II) concentrations resulting in the slow degradation of lignin, which
indicates that MnP is an essential component in an efficient lignin degradation system.
Thus, fungi that do not produce MnP may be rather inefficient degraders of lignin, but
seem to be correlated with the degradation of organic compounds (Freitas et al, 2009).
Moreover, these fungi also have been reported to produce versatile peroxidases, and
Pleurotus ostreatus is one among the others.
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Table 2-2: Distribution of ligninolytic peroxidases in white-rot fungi (adapted from Eriksson
and Bermek, 2009).
Organisms
Bjerkandera adusta
Bjerkandera sp.
Ceriporiopsis subvermispora
Coriolopsis occidentalis
Coriolus consors
Coriolus pruinosum
Cyathus stercoreus
Daedaleopsis confragosa
Dichomitus squalens
Ganoderma colossum
Ganoderma valesiacum
Grifola frondosa
Junghuhnia separabilima
Lentinus (Lentinula) edodes
Panus tigrinus
Perenniporia medulla-panis
Phanerochaete chrysosporium
Phanerochaete sordida
Phlebia brevispora
Phlebia radiata
Phlebia tremellosa (Merulius tremellosus)
Pleurotus eryngii
Pleurotus ostreatus
Pleurotus sapidus
Pleurotus pulmonarius
Polyporus adustus
Pycnoporus cinnabarinus
Rigidoporus lignosus
Stereum hirsutum
Stereum spp.
Trametes cingulata
Trametes gibbosa
Trametes hirsuta
Trametes versicolor
Trametes villosa
a

?, Information not given

LiP

MnP

Laccase

+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

+
+
+
?
+
+
+
+
+
+
+
+
+
+
+
+
+
+
?
?
+
+
?
+
+
+
+
+
+
+
+
+

+
+
?a
?
?
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
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Besides the three main enzymes produced by white rot, a number of other enzymes are
produced in parallel including peroxidases, enzymes producing H2O2 required by peroxidases,
and enzymes linked to lignocellulose degradation pathways (e.g. glucose oxidase, aryl alcohol
oxidase), but these have a poorly understood role in lignin degradation.
Several studies have reported on the capacity of different fungal species to degrade lignin
and lignin derivatives, resulting in further decolorization of the wastewater. Fungal
decolorization, like lignin metabolism, is a secondary metabolic event and is probably due to
lignin metabolism leading to the distribution of lignin and its degradation products as the main
color in wastewater. The efficiency of color removal by fungi in kraft mill effluent has been
reported by many (Gokcay and Dilek, 1994; Duran et al., 1994; Sakurai et al., 2001). Prasad and
Gupta (1997) reported a substantial reduction of color and COD by the use of white rot fungi
Trametes versicolor and Phanerochaete chrysosporium. Saxena and Gupta (1998) showed that
the white-rot fungi P. chrysosporium in combination with other white-rot fungi (Pycnoporus
sanguineus, Pleurotus ostreatus, Lentinus edodes, or Heterobasidion annosum) and with the use
of the surfactants were able to remove color, COD, and lignin content. Choudhury et al., (1998)
found that lignin, BOD, COD and color removal were achieved to the extent of 77%, 76.8%,
60%, and 80%, respectively, by the fungal species P. ostreatus. T. versicolor was used after the
post-treatment of an anaerobic recalcitrant effluent with 30-32% COD removal (Alfredo et al,
2007). The performance of various fungal treatments is summarized in Table 2-2.
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Table 2-3: Removal of COD, lignin, and color by various fungal species.
Parameter
Treatment Process

Reference

COD

Lignin

Color

% removal

% removal

% removal

White-rot

40.74

16.38

34.49

Saxena and Gupta (1998)

White rot + surfactants

75.35

65.84

81.29

Saxena and Gupta (1998)

77.7a

49.0b

93.8a

White-rot
(T. versicolor)
White-rot

a

Prasad and Gupta (1997)

b
a

Wu et al (2005)

Prasad and Gupta (1997)

79.4a

60.0b

83.5a

White-rot (L. edodes)

30.0

65.0

-

Wu et al (2005)

White-rot (P. ostreatus)

40.0

68.0

-

Wu et al (2005)

(P.chrysosporium)

b

Wu et al (2005)

2.6 Optimization of Wastewater Conditions for Fungal Treatment
Although white rot fungi can degrade lignin more rapidly and extensively than any other
class of microorganism, they cannot utilize it as an energy source. Indeed, lignin has never been
shown to serve as the sole carbon and energy source for any known organism. For lignin
degradation by fungi to take place, an additional carbon source must be provided. Glucose has
been found to be the most effective carbon source, while the nitrogen source can be varied
(Griffin, 1993). Since P. chrysosporium has been extensively studied as a model organism for
lignin degradation, the ligninolytic system of P. chrysosporium has also been studied by many
(Eaton et al, 1980; Kirk et al, 1976; Keyser et al, 1978; Jeffries et al, 1981). The evidence
indicates that the ligninolytic system: (a) is produced even in the absence of lignin; (b) is
expressed only during secondary metabolism; (c) is triggered by carbon, sulfur, or nitrogen
limitation; (d) is strongly repressed by glutamate and certain other amino acids; (e) is sensitive to
the balance of trace metals supplied; (f) has a relatively narrow pH optimum (4-6); and (g) is
markedly affected by oxygen concentration.
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Wu et al., (2005) compared the individual lignin-degrading abilities of five white rot
fungi, P. chrysosporium, P. ostreatus, L. edodes, T. versicolor, and S22, when immobilized on
support structures with different aqueous conditions. They found an optimum pH for fungal
growth of 4.3-4.8, and an optimum temperature range of 25-40 oC. Low concentrations of
carbon, nitrogen, and trace elements in the wastewater medium enhanced the fungal activity for
the removal of lignin and COD. The addition of 1 g/L glucose and 0.2 g/L ammonium tartrate
was found to be the optimum carbon and nitrogen amendment to enhance overall degradation
efficiency.

Of the five white rot fungi tested, P. chrysosporium, P. ostreatus, and S22

demonstrated the highest capabilities for degrading lignin and COD. P. ostreatus had the highest
lignin degradation efficiency at a maximum of 71% lignin removal, followed by P. chrysoporium
and S22 at average 60%. A maximum of 42% COD removal was observed for S22, followed by
P. chrysoporium and P. ostreatus at 45% and 40%, respectively.
Co-culturing of different white rot fungi is another approach that can improve the
production of lignin-degrading enzymes and enhance lignin degradation. Chi et al. (2006) showed
that some fungi, such as P. ostreatus, appear to possess specific potential to be used in co-culture.
In their study on wood degradation, P. ostreatus produced the highest laccase concentration in
monoculture at 1.5 U/mL, and therefore, was able to enhance higher enzyme activities when cocultured with P. chrysoporium, which only produces minor amounts of laccase.
Therefore, the possibility of more efficient remediation of pulp and paper mill wastewater
using immobilized, co-cultured, white-rot fungi Phanerochate chrysosporium and Pleurotus
ostreatus was examined in this study.
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Chapter 3

Materials and Methods
3.1. Environmental Samples: Pulp and Paper Mill Wastewater
Pulp and paper mill wastewater for all experiments was collected from one integrated
pulp and paper mill in central Pennsylvania. Wastewater from the Pulp Bleaching Process
(Bleaching Plant No. 1 and No. 2) were collected separately in plastic containers, capped with
minimal headspace, transferred on ice to the laboratory, and then stored at 4 oC until use. Before
starting the experiments, samples from lines No. 1 and No. 2 were mixed together in a 1:1 ratio in
the lab, settled for 30 minutes, and the clarified supernatant decanted and adjusted to an optimal
pH of 4.3. Preliminary wastewater characteristics are provided in Table 3-1.
Table 3-1: Pulp and paper mill wastewater characteristics taken from a local pulp and paper mill
in central Pennsylvania.
Parameters

Units

Bleaching

Bleaching

Plant No. 1

Plant No. 2

Mixed

pH

-

2.4

10.2

5.3

Color

Pt-Co

655

1,135

1,015

SS

mg/L

188

245

213

TDS

mg/L

2,841

4,828

3,482

COD

mg/L

1,321

1,625

1,458

Lignin

mg/L

1,009

638

975

3.2. Fungi
Two strains of white-rot fungi were used in this study. P. chrysosporium was obtained
from Dr. Ming Tien, Professor of Biochemistry in the Department of Biochemistry and Molecular
Biology at The Pennsylvania State University, and P. ostreatus (ATCC 58054) was purchased
from ATCC. Both strains were maintained on YMPG media plates and slants at 4 oC (Tien and
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Kirk, 1988) and mycelia suspensions were prepared in Low Nitrogen (LN) Media 5 days prior to
the experimentation (adapted from Tien and Kirk, 1988). The recipe for the YMPG and LN
media used in the experiments is described in Appendix B.

3.3 Experimental conditions
Sacrificial batch studies were used to determine the treatment efficiency of both
individual and co-cultured fungi. The experiments were performed under sterile conditions to
avoid interferences from other organisms at this stage in the experiment. Fungal mycelia
suspensions obtained from agar slants were used to inoculate 250-ml Erlenmeyer flasks
containing 1:1 mixture of sterile (autoclaved) bleaching plant No. 1 and bleaching plant No. 2
wastewater. Flasks containing wastewater but no fungi were also run in parallel as a control.
Autoclaved polypropylene 1” Tri-pack® balls (Jaeger Products Inc., Houston, TX) were used as
support structures for the attached growth of fungi. Four different treatment conditions were used
to study the degradation of COD, lignin, and color as described in Table 3-2. Glucose (1 g/L) and
ammonium tartrate (0.2 g/L) were used as additional carbon and nitrogen sources, respectively.
See Appendix B for the calculation of COD caused by the addition of glucose. The experiments
were conducted in triplicate, and the data presented in subsequent sections are based on
arithmetic means of three measurements. Incubation was carried out with continuous aeration for
35 days at room temperature and the contents of the flasks were periodically analyzed for pH,
mycelia growth, COD, lignin, and color.
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Table 3-2: Five treatment conditions for the study of COD, lignin, and color degradation using
white-rot fungi.
Treatment
Composition
1a

2b

3c

4d

5e

Wastewater (121.5 ml/flask)
Mycelia solution (13.5 ml/flask)

-

Glucose (0.135 g/flask)

-

-

Ammonium Tartrate (0.027 g/flask)

-

-

-

Remarks:
a. Wastewater only
b. Wastewater + Mycelia Solution
c. Wastewater + Mycelia Solution + Glucose
d. Wastewater + Mycelia Solution + Ammonium Tartrate
e. Wastewater + Mycelia Solution + Glucose + Ammonium Tartrate

3.4 Batch study setup
All 250-ml Erlenmeyer flasks were washed with Liquinox detergent and tap water, rinsed
with deionized water, and air-dried prior to experimentation. Nine of 1” tri-pack balls were placed
in each flask and sterilized in an autoclave at 121 oC for 30 minutes together with aeration tubes
and No. 6.5 rubber stoppers. Air humidifiers were connected from the main air valve to air
manifolds. At the air manifold outlets, 2 µm sterile syringe filters were installed to ensure sterile
conditions in the closed system.
Mycelia suspensions were prepared from spore solution made in DDI water, which was
created from agar slants. The spore solution was made to an absorbance of 0.5 ABS at a
wavelength of 650 nm giving 5 x 106 spores/mL (Appendix B). In the laminar flow hood, 10 mL
of the calibrated spore solution was transferred to 90 mL of LN Media in a 2-L flask, and then
inoculated at 30°C for 5 days. After 5 days, the mycelia mats from the 2-L flasks were combined
and homogenized using a sterile blender in a 2-L beaker before being used in the experiments.
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The pH value of the wastewater mixture was adjusted with 1 N NaOH or HCl to 4.3 and
1 g/L glucose and 0.2 g/L ammonium were added to the required treatments before sterilization.
In the laminar flow hood, 121.5 mL of the sterile wastewater mixture was added to the flasks,
followed by 13.5 mLof mycelia suspension (Table 3-2). The flasks were capped with sterile No.
6.5 flask stoppers connected to sterile aeration tubes, and finally connected to the air manifolds as
shown in Figure 3-1. Flasks were aerated continuously and sampled in triplicate on days 1, 7, 14,
21, 28 and 35 during batch study.

Figure 3-1: Experimental set up for aerated batch reactor. Schematic is courtesy of Henry, Erin
(2011).

3.5. Sacrificing Procedure and Analytical Methods
At each sampling point, flasks of each condition were sacrificed in triplicate and the
contents analyzed as described in detail in Appendix C. In brief, pH was measured immediately
when the flasks were sacrificed using a standard electrode (Thermo-ORION) connected to a
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pH/mV meter (Accumet® Basic AB15, Fisher Scientific). Attached and suspended growth were
vacuumed separately through paper filter (VWR qualitative 413, diameter 43 mm, pre-dried for at
least 3 days and stored in a desiccator) and dried for 3 days at 40 oC. Filter papers were then
weighed, and the tared filter weight subtracted to yield the mycelia weight. The supernatants
from the filtration were poured into 50 ml centrifuge tubes and stored in -20 oC freezer for later
analysis of lignin, COD, color and enzyme activities.
Lignin, COD, and color were analyzed using the colorimetric methods described in
Standard Methods for the Examination of Water and Wastewater (using Methods 5550 B, 5220
D, 2120 B, respectively; APHA 1998) which are summarized in detail in Appendix D. The
activities

of

lignin

peroxidase, manganese

peroxidase, and

laccase

were

measured

spectrophotometrically by methods adapted from Tien and Kirk (1984) and Paszczyński et al.
(1986), as described in Appendix E. The average of the triplicates and their standard deviations
were calculated and the results plotted. The treatment efficiency, compared to the initial value of
each parameter collected on day 0, were also plotted.

3.6 Calculation of Treatment Efficiency
The treatment efficiency of all parameters was reported as % removal, calculated as
follows:

When C0 = Concentration at day 0
CT = Concentration at day T
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Chapter 4

Results
4.1 Batch study of Phanerochaete chrysosporium
The study of P. chrysosporium in each treatment indicated that P. chrysosporium could
grow continually in the wastewater media from days 1 through 21, and that mycelia mass
remained stable after day 21. The majority of the growth was attached, with relatively little fungal
biomass found in suspension (Figure 4-1). The maximum total (suspended plus attached) growth
(226 mg) was measured in the treatment amended with both glucose and ammonium tartrate,
while the least growth (66 mg) was observed in the unamended treatment (Figure 4-2). Growth in
the control (no fungus) flasks was not measured.

Mycelial mass (mg)

200

150

100

50

0
0

7

14

Time (days)

With glucose and ammonium tartrate - Attached
With glucose - Attached
With ammonium tartrate- Attached
No glucose, no ammonium tartrate - Attached

21

28

35

With glucose and ammonium tartrate - Suspended
With glucose - Suspended
With ammonium tartrate - Suspended
No glucose, no ammonium tartrate - Suspended

Figure 4-1: Comparison of attached growth (solid lines) and suspended growth (dashed lines) of
P. chrysosporium in pulp and paper mill wastewater with different amendments. Data points are
triplicate averages; error bars represent one standard deviation.
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250

Total mycelial mass (mg)

200
150
100
50
0
0

7

14

Time (days)

21

28

With glucose and ammonium tartrate

With glucose

With ammonium tartrate

No glucose, no ammonium tartrate

35

Figure 4-2: Total growth (attached plus suspended) of P. chrysosporium in pulp and paper mill
wastewater with different amendments. Data points are triplicate averages; error bars represent
one standard deviation.

P. chrysosporium was able to remove 14-24% of COD (Figure 4-3), 15-30% of lignin
(Figure 4-4), and 20-40% of color (Figure 4-5) in unamended pulp and paper mill wastewater.
With additional of glucose as carbon source and ammonium tartrate as nitrogen source, the
efficiency of remediation was enhanced, yielding removal of 50-60% of COD, 70% of lignin, and
40-50% of color during the period of 7-14 days. After day 14, the overall treatment efficiency
remained fairly stable. No any enzyme activities were detected throughout the study.

24

80%
COD Removal Efficiency (%)

70%
60%
50%
40%
30%
20%
10%
0%
-10%
0

7

14

Time (days)
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No glucose, no ammonium tartrate

35

Control, no fungus

Lignin Removal Efficiency (%)

Figure 4-3: COD removal efficiency of P. chrysosporium in pulp and paper mill wastewater with
different amendments. Data points are triplicate averages; error bars represent one standard
deviation.
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Figure 4-4: Lignin removal efficiency of P. chrysosporium in pulp and paper mill wastewater with
different amendments. Data points are triplicate averages; error bars represent one standard
deviation.
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Color Removal Efficiency (%)
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Figure 4-5: Color removal efficiency of P. chrysosporium in pulp and paper mill wastewater
with different amendments. Data points are triplicate averages; error bars represent one standard
deviation.

4.2 Batch study of Pleurotus ostreatus
In amended treatments, the growth of P. ostreatus was observed to increase continually
from day 1 to day 21. After day 21, mycelia masses remained stable, with the exception of the
glucose-amended treatment which declined slightly. Just as with P. chrysosporium, the majority
of P. ostreatus was attached, with relatively little fungal biomass found in suspension (Figure 46). The maximum total growth (180 mg) was measured in the treatment amended with both
glucose and ammonium tartrate, while the least growth (55 mg) was observed in the unamended
treatment (Figure 4-7).
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P. ostreatus was able to remove 10-30% of COD (Figure 4-8), 5-20% of lignin (Figure 49), and 10-35% of color (Figure 4-10) in unamended pulp and paper mill wastewater. With
additional of glucose as carbon source and ammonium tartrate as nitrogen source, the efficiency
of remediation was enhanced, yielding removal of 50-60% of COD, 70% of lignin, and 40-50%
of color during the period of 7-14 days. After day 14, the overall treatment efficiency remained
fairly stable. No any enzyme activities were detected throughout the study.

Mycelial mass (mg)

200
150
100
50
0
0

7

14

Time (days)

With glucose and ammonium tartrate - Attached
With glucose - Attached
With ammonium tartrate- Attached
No glucose, no ammonium tartrate - Attached

21

28

35

With glucose and ammonium tartrate - Suspended
With glucose - Suspended
With ammonium tartrate - Suspended
No glucose, no ammonium tartrate - Suspended

Figure 4-6: Comparison of attached growth (solid lines) and suspended growth (dashed lines) of
P. ostreatus in pulp and paper mill wastewater with different amendments. Data points are
triplicate averages; error bars represent one standard deviation.
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Figure 4-7: Total growth (attached plus suspended) of P. ostreatus in pulp and paper mill
wastewater with different amendments. Data points are triplicate averages; error bars represent
one standard deviation.
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Figure 4-8: COD removal efficiency of P. ostreatus in pulp and paper mill wastewater with
different amendments. Data points are triplicate averages; error bars represent one standard
deviation.
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Figure 4-9: Lignin removal efficiency of P. ostreatus in pulp and paper mill wastewater with
different amendments. Data points are triplicate averages; error bars represent one standard
deviation.
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Figure 4-10: Color removal efficiency of P. ostreatus in pulp and paper mill wastewater with
different amendments. Data points are triplicate averages; error bars represent one standard
deviation.
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4.3 Batch study of Co-cultured P. chrysosporium and P. ostreatus
Co-culturing of P. chrysosporium and P. ostreatus resulted in a maximum growth yield
in all treatments on day 14, which started to decline thereafter (Figure 4-11). The maximum total
growth (225 mg) was measured in the treatment amended with both glucose and ammonium
tartrate, while the least growth (92 mg) was observed in the unamended treatment (Figure 4-12).

300

Mycelial mass (mg)
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Time (days)
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With glucose and ammonium tartrate - Attached

With glucose and ammonium tartrate - Suspended

With glucose - Attached

With glucose - Suspended

With ammonium tartrate- Attached

With ammonium tartrate - Suspended

No glucose, no ammonium tartrate - Attached

No glucose, no ammonium tartrate - Suspended

Figure 4-11: Comparison of attached growth (solid lines) and suspended growth (dashed lines)
of co-cultured P. chrysosporium and P. ostreatus in pulp and paper mill wastewater with
different amendments. Data points are triplicate averages; error bars represent one standard
deviation.
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Figure 4-12: Total growth of co-cultured P. chrysosporium and P.ostreatus in pulp and paper
mill wastewater with different amendments. Data points are triplicate averages; error bars
represent one standard deviation.

Co-cultured P. chrsysosporium and P. ostreatus was able to remove 10-30% of COD
(Figure 4-13), 5-25% of lignin (Figure 4-14), and 10-40% of color (Figure 4-15) in unamended
pulp and paper mill wastewater. With the addition of glucose as a carbon source and ammonium
tartrate as a nitrogen source, the efficiency of remediation was enhanced, yielding removal of 6085% of COD, 70-80% of lignin, and 35-55% of color during the period of 7-14 days. After day
14, the overall treatment efficiency remained stable, and in some cases, began to decline. No any
enzyme activities were detected throughout the study.

COD Removal Efficiency (%)
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Figure 4-13: COD removal efficiency of co-cultured P. chrysosporium and P.ostreatus in pulp
and paper mill wastewater with different amendments. Data points are triplicate averages; error
bars represent one standard deviation.
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Figure 4-14: Lignin removal efficiency of co-cultured P. chrysosporium and P.ostreatus in pulp
and paper mill wastewater with different amendments. Data points are triplicate averages; error
bars represent one standard deviation.
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Figure 4-15: Color removal efficiency of co-cultured P. chrysosporium and P.ostreatus in pulp
and paper mill wastewater with different amendments. Data points are triplicate averages; error
bars represent one standard deviation.
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Chapter 5

Discussion
5.1 Summary of batch experiment
Both P. chrysosporium and P. ostreatus showed the best treatment efficiency when
amended with both glucose and ammonium tartrate. Therefore, the following comparison of
treatment efficiency focuses on these experimental conditions only. By comparing the treatment
efficiency between individual and co-cultured P. chrysosporium and P. ostreatus, it is clear that
the co-culturing enhances growth, COD removal, and lignin removal (Table 5-1). This is likely
true because each individual strain has specific treatment abilities for different contaminants: P.
chrysosporium was able to remove lignin better than P. ostreatus, while P. ostreatus was able to
remove more COD. There was no significant symbiotic effect for color removal by the cocultured fungi.

Table 5-1: Comparison of growth and treatment efficiency of P. chrsysosporium, P. ostreatus
and co-cultured P. chrysosporium and P. ostreatus in pulp and paper mill wastewater amended
with both glucose and ammonium tartrate.
Parameter
Treatment

Growth

COD

Lignin

Color

mg

% removal

% removal

% removal

P. chrysosporium

200

55

70

50

P. ostreatus

150

80

65

50

P. ostreatus + P. chrysosporium

250

85

80

55
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Previous studies showed that P. chrysosporium exhibits better COD removal (Prashad
and Gupta, 1997) and P. ostreatus has slightly better treatment efficiency for lignin removal (Wu
et al., 2005), opposite to the findings reported here (Table 5-2). This is likely due to different
treatment methods and conditions used in each study. For example, Prashad and Gupta (1997)
added pure oxygen to the headspace of their cultures containing P. chrysosporium, which is likely
responsible for the greater COD removal over what was observed here with continuous aeration
using compressed air. Similar to this study, Wu et al. (2005) immobilized their cultures on
support structures to avoid enzymatic suppression from mechanical stresses, and their support
structures were different in configuration (porous plastic ring vs. Tri-pack® ball), likely leading
to differences in performance of P. ostreatus over what was observed here. Therefore, the
experimental setup in this study, which immobilized fungi on Tri-pack® sphere and introduced
oxygen by aerating with compressed air at a rate of 2 cm3/s, led to slightly different COD and
lignin removal efficiencies for both P. chrysosporium and P. ostreatus than what has previously
been observed in the literature.
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Table 5-2: Comparison of COD, lignin, and color treatment efficiencies of P. chrysosporium, P.
ostreatus, and co-cultured P. chrysosporium and P. ostreatus with previous studies.
Parameter
Fungal Name

COD

Lignin

Color

% removal

% removal

% removal

79.4a

60.0b

83.5a

55.0

70.0

50.0

40.0

68.0

-

80.0

65.0

50.0

85.0

80.0

55.0

P. chrysosporium

P. ostreatus

P. ostreatus +
P. chrysosporium

Reference

a

Prasad and Gupta
(1997)
b
Wu et al (2005)
Data obtained from this
study
Wu et al (2005)
Data obtained from this
study
Data obtained from this
study

5.2 Batch study comparison
Comparison of the treatment efficiency for each experiment was done between the
treatments amended with both glucose and ammonium tartrate and the treatments without any
amendments. The results in Figure 5-1 indicate the necessity of both supplemental carbon and
nitrogen sources to yield maximum fungal growth. It is apparent that the growth rate of P.
chrysosporium (12.5 mg/d) was faster than P. ostreatus (9.2 mg/d) until day 14, when the growth
rates of each species declined and their mycelia mass stabilized. Co-culturing P. chrysosporium
and P. ostreatus yielded greater total mycelia mass, which similarly peaked at day 14, and then
began to decline, presumably due to an exhaustion of nutrients from solution.

36

300

Total mycelial mass (mg)

250
200
150
100
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0
0

7
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Time (days)

P. ostreatus + P. chrysosporium (nutrients)
P. ostreatus (nutrients)
P. chrysosporium (nutrients)

21

28

35

P. ostreatus + P. chrysosporium (no nutrients)
P. ostreatus (no nutrients)
P. chrysosporium (no nutrients)

Figure 5-1: Comparison of total growth (attached plus suspended) of P. chrysosporium, P.
ostreatus and co-cultured P. chrysosporium and P. ostreatus in pulp and paper mill wastewater.
Solid lines represent treatments amended with both glucose and ammonium tartrate, and dashed
lines represent treatments without any glucose and ammonium tartrate amendment. Data points
are triplicate averages; error bars represent one standard deviation.

Enzyme activities were not detected in any of the batch studies, which could possibly be
due to interference with the enzyme activity assay or the suppression of ligninolytic activities by
nutrient limitations, unsuitable pH, insufficient oxygen, or mechanical stress (Kirk and Farrell,
1987). Co-cultured P. chrysosporium and P. ostreatus demonstrated enhanced treatment
efficiency of COD, lignin, and color (Figures 5-2 through 5-4, respectively) while pH remained in
the range of 4-5 throughout the study. With the addition of glucose as carbon source and
ammonium tartrate as nitrogen source, the efficiency of remediation was enhanced, yielding
maximum COD removal on day 14 which remained stable until day 28 (Figure 5-2). Similarly,
the maximum lignin removal was observed with the co-cultured fungi on day 14 before the
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treatment efficiency began to slowly decline (Figure 5-3), which could be an effect of the
declined growth rate shown in Figure 5-1. However, the treatment efficiency for color was not
significantly affected by co-culturing the two different strains.
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COD Removal Efficiency (%)
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60%
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20%
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0%
-10%
0

7

14
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28

35

Time (days)
P. ostreatus + P. chrysosporium (nutrients)

P. ostreatus + P. chrysosporium (no nutrients)

P. ostreatus (nutrients)

P. ostreatus (no nutrients)

P. chrysosporium (nutrients)

P. chrysosporium (no nutrients)

Control, no fungus

Figure 5-2: COD removal efficiency of P. chrysosporium, P. ostreatus, and co-cultured P.
chrysosporium and P. ostreatus in pulp and paper mill wastewater with (solid lines) and without
(dashed lines) nutrients. Data points are triplicate averages; error bars represent one standard
deviation.
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Lignin Removal Efficiency (%)

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
0

7

14
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P. chrysosporium (nutrient)
Control, no fungus

21
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35

P. ostreatus + P. chrysosporium (no nutrient)
P. ostreatus (no nutrient)
P. chrysosporium (no nutrient)

Figure 5-3: Lignin removal efficiency of P. chrysosporium, P. ostreatus, and co-cultured P.
chrysosporium and P. ostreatus in pulp and paper mill wastewater with (solid lines) and without
(dashed lines) nutrients. Data points are triplicate averages; error bars represent one standard
deviation.
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Figure 5-4: Color removal efficiency of P. chrysosporium, P. ostreatus, and co-cultured P.
chrysosporium and P. ostreatus in pulp and paper mill wastewater with (solid lines) and without
(dashed lines) nutrients. Data points are triplicate averages; error bars represent one standard
deviation.
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Figure 5-5: pH of P. chrysosporium, P. ostreatus, and co-cultured P. chrysosporium and P.
ostreatus in pulp and paper mill wastewater with (solid lines) and without (dashed lines)
nutrients. Data points are triplicate averages; error bars represent one standard deviation.
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Chapter 6

Conclusions, Engineering Significance, and Future Work
6.1 Conclusions
Based on the results of each batch study using P. chrysosporium, P. ostreatus and cocultured P. chrysosporium and P. ostreatus:


Supplemental carbon and nitrogen sources are necessary to enhance fungal growth and
treatment efficiency. P. chrysosporium appeared to yield a higher growth rate in the
treatments amended with glucose, while P. ostreatus appeared to yield a higher growth
rate in treatments amended with ammonium tartrate. However, the best growth rate for
both strains occurred when both glucose and ammonium tartrate were added into the
wastewater.



COD treatment with P. chrysosporium was only 55%, while P. ostreatus yielded a
maximum COD removal of 80%. When co-cultured together, the two strains increased
the overall COD removal efficiency to 85%.



Lignin removal with P. chrysosporium was 70%, while P. ostreatus yielded a lignin
removal of only 65%. When co-cultured together, the two strains increased the overall
COD removal efficiency to 80%.



There was no significant effect on color removal efficiency for co-culturing. The
maximum color removal efficiency of the co-cultured experiment was 55%, only 5%
greater than what the strains could achieve individually.



The maximum treatment efficiency for all contaminants occurred within the first 14 days
of the experiments, after which time the treatment efficiency remained stable or started to
decline.
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6.2 Engineering Significance
The results of these experiments provide guidance and indicate the feasibility of using
symbiotic, immobilized fungal mycelia for the treatment of lignin and COD in pulp and paper
mill wastewater:


Co-culturing enhances the removal efficiency of lignin and COD. This method could be
used as pre-treatment step for pulp and paper mill wastewater prior to conventional
activated sludge treatment, which would be necessary to remove the remaining lignin and
COD to meet effluent discharge requirements.



The treatment time under batch conditions with new mycelia occurred within 14 days,
which could likely be dramatically reduced with established mycelia.

A hydraulic

residence time of 2 days or less would be more suitable for an on-site treatment process.

6.3 Future Work
Further research would be useful for application of co-culturing of P. chrysosporium and
P. ostreatus in the treatment of pulp and paper mill wastewater:


Quantitative Real Time Polymerase Chain Reaction (Q-PCR) should be implemented to
determine the dominant fungal strains in the co-cultured treatment system and confirm
the contribution of each species to overall enhancement in treatment efficiency.



Different types of fungal support structures such as natural, cellulosic materials should be
tested to determine if growth and treatment efficiency can be enhanced, and the amount
of supplemental carbon and nitrogen source reduced, prior to full-scale implementation.



Experiments should be conducted under non-sterile conditions to determine how
indigenous microbial activity in pulp and paper mill wastewater enhances or inhibits the
fungal remediation of contaminants.
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A continuous-flow study should be conducted to determine the optimum operating
conditions for a full-scale treatment system.



A detailed cost analysis of the fungal treatment system should be compared to the typical
wastewater treatment systems currently in use in pulp and paper mill plants (such as
activated sludge) to determine if a cost advantage exists to this treatment method.
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Appendix A

Description of Fungi
A.1 Example of fungi in LiP-MnP group


Phanerochaete chrysosporium is a “standard” white rot fungi producing LiP. The
popularity of P. chrysosporium in experimental work is well justified. P. chrysosporium
is also a very efficient degrader of lignin. P. chrysosporium lacks laccase which is
typically produced by white-rot fungi. Thus, the ligninolytic system of P.
chrysosporium may also be atypical. So far, the enzymology of other laccase-lacking
ligninolytic white-rot fungi has not been investigated.



Phlebia radiata Fr. is a white-rot fungus which also readily produces LiP, laccase, and
MnP. Apparently this enzyme system, in which all three components, laccase, LiPs and
MnPs, are readily produced, allows P. radiata to very efficiently degrade lignin. P.
radiata is also known as an efficient white-rotter in nature.



Coriolus versicolor (Quel.) Fr. (syn. Trametes, Polyporus, Polystictus versicolor)
produces laccase, LiP, MnPs and an aryl alcohol oxidase, but probably utilizes
primarily laccase and MnP in lignin degradation. In some C. versicolor strains, LiP or
MnP cannot easily be detected. The essential role of LiP in biobleaching and
delignification by this fungus is doubtful. Instead, MnP is considered an important and
essential enzyme in demethylation and delignification of pulp by C. versicolor



Bjerkandera adusta has been reported to have an efficient lignin-degrading system, but
with the same strain, resulted differed No. MnP or LiP activity (laccase was not studied)
was found by Walder et al., (1988), whereas De Jong et al., 1992 were able to detect
several MnPs and laccase.
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A.2 Example of fungi in MnP-laccase group


Lentinula edodes, which readily produces MnP has been shown to produce LiP in
synthetic medium only under low Mn (II) concentrations. However, under these
conditions it degrades less lignin, but when supplemented with Mn (II) it mineralizes
25% of the lignin (Leatham, 1986). The fungus produces two laccases and MnP- or LiPlike peroxidases.



Dichomitus squalens secretes extracellular MnP and laccase but not LiP. MnP
expression as well as lignin degradation depend on the presence of Mn (II) (Perie and
Gold, 1991). It degrades lignin from hardwood, softwood and gramineous plants, and it
is also a selective lignin degrader.



Panus tigrinus is an efficient degrader of straw lignin. When cultivated in solid-state on
straw it produces two forms of MnP and also two forms of laccase. It was reported that
both MnP and laccase degrade also a non-phenolic lignin model compound. MnP has a
very low pH optimum, near that typically observed in LiP (Maltseva et al, 1991).

51
Appendix B

COD Calculation
B.1 COD calculation from glucose amendment

From the above reaction stoichiometry, O2 required = 6 x 32 = 192 mg
And glucose molecular weight = 180 g/mol
Therefore,
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Appendix C

Fungi Culture Methods
C.1 YMPG Media
The following recipe is for 1-L of media; however it can be made in any volume by
adjusting the mass of ingredients accordingly.
Procedure:
1. To a 2-L autoclavable glass flask, add a stir bar and approximate 500 mL DDI water and
place on a stir plate.
2. While stirring, add the following:

D – Glucose, Anhydrous (Dextrose; CAS# 492-62-6)

10 g

Malt extract (VWR Part# 90001-014)

10 g

Peptone (VWR Part# 61001-506)

2g

Yeast extract (Sigma-Aldrich Part# 70161-100G)

2g

L – Asparagine, Anhydrous (CAS# 70-47-3)

1g

KH2PO4 (CAS# 7778-77-0)

2g

MgSO4 •7H2O (CAS# 10034-99-8)

1g

3. If making slants, add 20g of agar (CAS# 9002-18-0). (Omit agar if making liquid media.)
4. Remove the stir bar, and take the final volume to 1 L with DDI water.
5. Wrap aluminum foil over the opening of the flask and add a piece of autoclave tape.
6. Place flask in an autoclavable bin and fill with several inches of tap water to aid in equal
heating.
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7. Autoclave for 30 minutes.
8. Remove from autoclave and allow media to cool until you can place your hands on the
sides of the flask without being burnt.
9. Add 1ml of sterile 1 mg/mL thiamine hydrochloride (vitamin B1; CAS# 67-03-8)
solution to the cooled media to yield a final concentration of 1 mg/L, and swirl by hand to
mix.
9.1 To make a 1 mg/ml thiamine solution:
i. Mix 50 mg of thiamine with 50 mL of DDI water in a volumetric flask (yields a 1
mg/mL solution).
ii. Invert the flask until the solution is completely mixed.
iii. Filter sterilizes the thiamine solution into a sterile serum bottle (see sterilizing
serum bottles and venting procedure).
10. In laminar flow hood with Bunsen burner lit, aliquot out 3mL of media into sterile 2position snap tubes (17 x 100 mm polypropylene, Dot Scientific Inc, Product # 592-S)
using a pipettor bulb and sterile volumetric pipette. Cap to first (loose) position to vent.
11. Place capped tubes at a 20oangle or less to allow for maximum surface area once cooled.
12. Once cooled, push the cap to the bottom position to seal.
13. Place all tubes into a Ziploc bag, and store in refrigerator until ready to streak with fungi.
If storing individually, wrap the cap with plastic wrap or parafilm.

C.2 Low Nitrogen Media
The following recipe is for 1-L of media; however it can be made in any volume by
adjusting the mass of ingredients accordingly.
Procedure:
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1. To a 2-L autoclavable glass flask, add a stir bar and approximate 500 mL DDI water and
place on a stir plate.
2. While stirring, add the following:

10X Basal III media

100 mL

D – Glucose, Anhydrous (Dextrose; CAS# 492-62-6)

10 g

0.1M transaconitic acid, pH 4.3 (CAS# 4023-65-8)

100 mL

Ammonium tartrate (CAS# 3164-29-2)

0.2 g

Trace elements

60 mL

3. Remove the stir bar, and take the final volume to 1 L with DDI water.
4. Wrap aluminum foil over the opening of the flask and add a piece of autoclave tape.
5. Place flask in an autoclavable bin and fill with several inches of tap water to aid in equal
heating.
6. Autoclave for 30 minutes.
7. Remove from autoclave and allow media to cool until you can place your hands on the
sides of the flask without being burnt.
8. Add 1 mL of sterile 1 mg/mL thiamine hydrochloride (vitamin B1; CAS# 67-03-8)
solution to the cooled media to yield a final concentration of 1 mg/L, and swirl by hand to
mix.
8.1 To make a 1 mg/mL thiamine solution:
i. Mix 50mg of thiamine with 50mL of DDI water in a volumetric flask (yields a 1
mg/mL solution).
ii. Invert the flask until the solution is completely mixed.
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iii. Filter sterilizes the thiamine solution into a sterile serum bottle (see sterilizing
serum bottles and venting procedure).
9. For stationary cultures, add 100 mL of sterile 4 mM veratryl alcohol (CAS# 93-03-8) on
day 3. For agitated cultures, add the veratryl alcohol and 50mL of sterile 1% Tween 80
solution.

C.3 10X Basal III Media
The following recipe is for 1-L of media; however it can be made in any volume by
adjusting the mass of ingredients accordingly.
Procedure:
1. To a 1-L glass container, add a stir bar and approximate 500 mL DDI water and place on
a stir plate.
2. While stirring, add the following:

KH2PO4(CAS# 7778-77-0)

20 g

MgSO4 •7H2O (CAS# 10034-99-8)

5g

CaCl2 (CAS# 10035-04-8)

1g

Trace elements solution

100 mL

3. Remove the stir bar, and take the final volume to 1 L with DDI water.
4. Store in refrigerator
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C.4 Trace Elements Solution
The following recipe is for 1-L of solution; however it can be made in any volume by
adjusting the mass of ingredients accordingly.
Procedure
1. To a 1-L glass container, add a stir bar and ~500ml DDI water. Place on a stir plate.
2. While stirring, add the following:

Nitrilotriacetic acid (NTA; CAS# 139-13-9)

1.5 g

If needed, adjust pH to 6.5 with concentrated NaOH or HCl (~1-2 mL)
(Some minerals will not go into solution if pH drifts from 6.5 significantly)
Continue adding in order, allowing each to dissolve in turn:
MgSO4 •7H2O (CAS# 10034-99-8)

3g

MnSO4 •H2O (CAS# 10034-96-5)

0.5 g

NaCl (CAS# 7647-14-5)

1g

FeSO4 •7H2O (CAS# 7720-78-7)

0.1 g

CoCl2 •6H2O (CAS# 7646-79-9)

0.1 g

ZnSO4 •7H2O (CAS# 7446-20-0)

0.1g

CuSO4 •5H2O (CAS# 7758-99-8)

0.1g

Al2(SO4)3 •18H2O (CAS# 7784-31-8)

10 mg

H3BO3 (boric acid; CAS# 10043-35-3)

10 mg

Na2MoO4 •2H2O (CAS# 10102-40-6)

10mg

3. Remove the stir bar, and take the final volume to 1 L with DDI water.
4. Store in refrigerator.
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C.5 Preparation of Mycelia Inoculums for Batch Reactors
C.5.1 Spore solution
1. Calculate the total volume of mycelia inoculum needed for your experiment.
i. Inoculum = 10% of total solution volume in your flask reactor; consists of 10 mL
spore solution + 90 mL Low Nitrogen Media
ii. For one reactor flask (135 mL solution), 13.5 mL of this should be mycelia
inoculum. For X number of reactor flasks, total volume of inoculum needed = X
* 13.5 mL.
2. Calculate the total number of 2 L Erlenmeyer flasks needed to grow up mycelia from
spore solution.
i. Use 1 flask per 100 mL of inoculum (i.e. flask # = [X * 13.5 mL]/100 mL). If
you do not have an even # of flasks needed (i.e. you find you need 8.1 flasks)
round up to the next flask and DO NOT make partial batches (i.e. all flasks will
have 100 mL of inoculum)
3. Gather approximately 10 – 12 slants per each 100 mL of spore solution needed.
4. In the laminar flow hood using aseptic technique:
i. Open one 50 mL sterile serological pipet tip, and insert it into the pipet bulb.
ii. While holding the pipet, open the bottle containing sterile water, set the bottle
cap on the counter (threaded side up), flame the lip of the bottle, and insert the
pipet tip. Draw up ~50 mL of water, remove the pipet tip from the bottle, flame
the bottle lip, and recap the water.
iii. While holding the pipet, open one slant tube and pass the open end of the tube
through the flame once. Pipette water into the tube (fill tube ~3/4 to top). Reflame and re-cap the tube. Repeat for remaining tubes. Repeat step b. as needed.
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Remember to change out pipet tips (or flame if the tip is glass) if the tip touches
any surface.
iv. Re-open the first tube, flame, and gently scrape the growth into solution using a
sterile 10 mL serological pipet tip. Pour the solution into the filtration apparatus.
Re-flame and re-cap the tube. Repeat for remaining tubes making sure to flame
the glass pipet tip after each use.

Figure B-1: Glass funnel containing glass wool for filtering spore solution

v. Open and flame the first tube again. Aseptically pipette water into the first tube
and re-scrape. Instead of filtering, pour this solution into the next tube and rescrape. Continue pouring from one tube to the next. After scraping the last tube,
pour the solution into the filtering apparatus.
vi. Aseptically pipette approximately 1 mL of the filtered spore solution into a
cuvette, and read the absorbance at a wavelength of 650 nm. Final absorbance
should be ~0.5. Dilute the spore solution with water as needed and re-measure
absorbance until it is ~0.5. Be sure not to use the same pipet tip for water and
spore solution.
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B.5.2 Mycelia Solution
1. In the laminar flow hood using aseptic technique:
i. Pipette 90 mL of Low Nitrogen media to each 2L flask.
ii. Pipette 10 mL of spore solution to each 2L flask (total of 100 mL in each flask)
iii. Ensure that the foil completely covers the opening of each flask.
2. Incubate the 2L flasks in the 30°C room for 5 days. Do not move or disturb the flasks for
at least 2 days.

B.5.3 Homogenization/Inoculum Preparation
1. After 5 days, remove the 2 L flasks from the 30°C room.
2. In the laminar flow hood using aseptic technique:
i. Combine the contents of all 2L flasks in a 2L (or 3-4L) beaker.
ii. Homogenize for ~1 min (or until there are no chunks) using the blender
(sterilized with isopropyl alcohol and flamed).
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Appendix D

Fungal Batch Flask Sacrificing Procedures

D.1 Flask Selection
1. Close the aeration ports to 3 (or 2 if sampling in duplicate) flasks of each treatment and
remove them from the aeration manifold.
2. Calculate the reduction in aeration that is needed to maintain the 0.3 SCFH airflow to the
remaining flasks. Disconnect the airline from the manifold, connect it to the flow meter,
and adjust the airflow to meet the new total airflow needed. Reconnect the airline to the
manifold.

D.2 pH, Filtration and Drying
1. Measure and record pH for each flask.
2. Set up the filtering apparatus. Attach the filtering flasks to laboratory vacuum lines and
turn on the vacuum lines. In general, filtration is slow, so setting up multiple filtering
apparatus is recommended. If you are measuring suspended and attached growth, it may
be convenient to use two filtering apparatus for each reactor (i.e. one filtering apparatus
for suspended growth/ solution filtration and one for drying the attached growth).
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Figure D-1: Filtering apparatus parts (A) and proper assembly (B).
3. Place the pre-weighed and labeled filter paper in the funnels with the labeled side down.
4. For attached growth:
i.

Wet the filter paper with a small amount of DDI water.

ii. Using forceps, remove the support media (ex. Tri-Pack) and attached biomass
from the reactor flask and place into the funnel.
iii. Using forceps again, remove the attached growth from the support media and
place it onto the filter paper.
iv. After all biomass is collected and no solution pools are present on the filter
paper, remove the funnel from the top of the flask (or turn off the vacuum) and
carefully fold the paper in half using forceps. Fold the paper in half again (filter
should be folded into a quarter of a circle).
v. Place the folded filter paper onto the aluminum foil.
5. For suspended growth:
i.

Do not wet the filter paper with DDI water.
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ii. Slowly pour remaining flask contents into the funnel. Do not over-fill the funnel solids will pass under the filter paper!
iii. After all suspended biomass is collected and no solution pools are present on the
filter paper, remove the funnel from the top of the flask (or turn off the vacuum)
and carefully fold the paper in half using forceps. Fold the paper in half again
(filter should be folded into a quarter of a circle).
iv. Place the folded filter paper onto the aluminum foil.
v. Pour ~10 mL of filtered solution into a 15 mL centrifuge tube.
vi. Using a 10 mL syringe and tubing, pull up ~5 mL of filtered solution. Rinse the
syringe and discard the solution.
vii. Pull up ~10 mL of filtered solution and store in the freezer.
viii. Discard the remaining solution in the filtering flask. Rinse the filtering flask
twice with DDI water.
6. After filtration for all reactor solutions is complete, fold the aluminum foil over or add an
additional piece to cover the filter paper. Place into the oven at 40°C for 3 days.
7. Remove the foil (with filter paper) from the oven and allow cooling in the dessicator.
8. Using the analytical balance, weigh the filter papers.
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Appendix E

Standard Methods for Examination of Water and Wastewater

E.1 Method 5550 B: Colorimetric Method for Lignin
Chemicals:
1.

Folin Phenol Reagent
-

100 g Soudium Tungstate - Na2WO4.2H2O

-

25 g Sodium Molybdate - Na2MoO4.2H2O

-

50 mL 85% H3PO4

-

100 mL conc. HCl

Add all above chemicals to 700 mL of DDI water in 2 Lflatbottom flask, connect the flask to
reflux condenser, and boil for 10 hours.
-

150 g Lithium Sulfate - LiSO4

-

50 mL distilled water

-

Few drops of liquid bromine

Add all above chemicals into 2 L-flask, boil without condenser for 15 minutes, cool down to
25 oC, finally dilute to 1 L.
2. Carbonate Tartrate Regent
-

200 g Na2CO3

-

12 g Sodium Tartrate - Na2C4H4O6.2H2O

Add all above chemicals to 750 mL hot DDI water, mix until cooled to 20 oC, and finally
dilute to 1,000 mL.
3. Stock Solution
-

1 g lignin in 1,000 mL DDI water.

4. Standard Solution
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-

10 mL or 50 mL of stock solution added to 1,000 mL DDI water; 1 mL = 10 or 50
microgram active ingredient.

Procedure:
Preparation of Color:
1.

Pipet 50 mL sample or standard into a beaker and maintain at room temperature or at
temperature above 20 oC within ± 2 oC.

2.

Add 1 mL of Folin Phenol Reagent.

3.

Add 10 mL Carbonate-tartrate Reagent.

4.

Allow 30 mintues for color development.

5.

Read the lignin value against a reagent blank prepared at the same time using
spectrophometer at wavelength 700 nm.

6.

Report result in mg/L of lignin or as "substances reducing Folin Phenol Reagent" in mg
phenol/L.

E.2 Method 5220 D: Closed Refluxed, Colorimetric Method for COD
Chemicals:
1.

COD Digestion solution, high range
-

10.216 g K2Cr2O7 (primary standard grade previously dried at 150 oC for 2 hours)

-

167 mL H2SO4

-

33.3 mg HgSO4

Add all above chemicals to 500 mL distilled water, and finally dilute to 1,000 mL.
2.

Sulfuric acid reagent
-

Ag2SO4

-

H2SO4
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Add all above chemicals at the rate 5.5 g Ag2SO4/kg H2SO4, let stand 1-2 days to dissolve.
3.

Potassium hydrogen phthalate (KHP) standard

Procedure:
Sample Digestion:
1.

Pipet 2.5 mL of 1:10 dilution sample into digestion vial filled with 1.5 mL digestion
solution and 3.5 mL sulfuric acid reagent.

2.

Prepare blank with 2.5 mL DDI water as sample.

3.

Digest the sample in digestion block at temperature 150 ± 2oC for 2 hours, and cool down
at room temperature.

Measurement of Color:
1. Shake COD vial 2-3 times for good mixing.
2. Measure the absorbance using spectrophotometer at wavelength 600 nm.
3. With the absorbance value, read the COD value using COD calibration curve.
Preparation of COD calibration curve:
1. Prepare standard COD solution at concentrations of: 10, 30, 50, 70, 90, 110, 120, 140,
160, 250, 400, 600, 800 mg/L.
2. Using KHP standard solution with a known COD concentration of 1,000 mg/L, digest the
sample and measure absorbance as sample.
3. Compute the COD standard curve based on Absorbance vs COD concentration as shown
in Figure D-1.
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Standard Curve for COD
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Figure E-1: Example of calibration curve for COD measurement.

E.3 Method 2120 B: Colorimetric Method for Color Determination
Procedure:
1.

Filter the sample with glass fiber (GF/C) filter.

2.

Read the absorbance value of the filtrate using spectrophotometer at wavelength 470 nm.

3.

Compare the color with DI water.

4.

With the absorbance value, read the color value using calibration curve from standard
solution Platinum-Cobalt.
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Figure E-2: Example of calibration curve for color measurement.
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Appendix F

Enzyme Activity Assay
(This section was kindly provided by Erin Henry (Henry, 2011).)

F.1 Lignin Peroxidase
1. Set the UV spectrophotometer to 310 nm wavelength.
2. To a cuvette, add:
a. 50 µL of 20mM VA
b. 100 µL of 0.2M Sodium tartrate buffer (pH 3.0)
c. X µL of sample solution
d. 750 – X µL of DDI water
3. Mix the cuvette solution well by drawing up and expelling the solution a few times with
the 100 – 1000 µL pipettor.
4. Put the cuvette into the UV spec. Make sure that the arrow on the cuvette is facing
forward (toward you). See Illustration 1.
5. Pipette 100 µL of 2mM hydrogen peroxide into the cuvette. Mix. Close the top of the UV
spec and hit “auto-zero” immediately.
6. When the display reads zero (the machine will beep), immediately start the timer. Record
the absorbance (ABS) readings at time = 10, 20, 60, 90, and 120 seconds.
7. In Excel, plot absorbance vs time. Determine the slope (dABS/dt) of the linear portion of
the line. To determine the slope, use the equation of a best-fit line that runs through at
least 3 points.
8. Multiply the slope by 60 seconds to get the change in absorbance after 1 minute. Use this
ΔABS to calculate enzyme activity using the following equation:
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Where X (µL) = sample volume added to the cuvette

F.2 Manganese Peroxidase
1. Set the UV spectrophotometer to 470 nm wavelength.
2. To a cuvette, add:
a. 50 µL of 20mM 2,6-Dimethoxyphenol
b. 100 µL of 0.5M Sodium tartrate buffer (pH 4.5)
c. 50 µL of 20mM Manganese sulfate
d. X µL of sample solution
e. 700 – X µL of DDI water
3. Mix the cuvette solution well by drawing up and expelling the solution a few times with
the 100 – 1000 µL pipettor.
4. Put the cuvette into the UV spec. Make sure that the arrow on the cuvette is facing
forward (toward you). See Illustration 1.
5. Pipette 100 µL of 2mM hydrogen peroxide into the cuvette. Mix. Close the top of the UV
spec and hit “auto-zero” immediately.
6. When the display reads zero (the machine will beep), immediately start the timer. Record
the absorbance (ABS) readings at time = 10, 20, 60, 90, and 120 seconds.
7. In Excel, plot absorbance vs time. Determine the slope (dABS/dt) of the linear portion of
the line. To determine the slope, use the equation of a best-fit line that runs through at
least 3 points.
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8. Multiply the slope by 60 seconds to get the change in absorbance after 1 minute. Use this
ΔABS to calculate enzyme activity using the following equation:

Where X (µL) = sample volume added to the cuvette

F.3 Laccase
1. Set the UV spectrophotometer to 470 nm wavelength.
2. To a cuvette, add:
a. 50 µL of 20mM 2,6-Dimethoxyphenol
b. 100 µL of 0.5M Sodium tartrate buffer (pH 4.5)
c. X µL of sample solution
d. 850 – X µL of DDI water
3. Mix the cuvette solution well by drawing up and expelling the solution a few times with
the 100 – 1000 µL pipettor.
4. Put the cuvette into the UV spec. Make sure that the arrow on the cuvette is facing
forward (toward you). See Illustration 1.
5. Pipette 100 µL of 2mM hydrogen peroxide into the cuvette. Mix. Close the top of the UV
spec and hit “auto-zero” immediately.
6. When the display reads zero (the machine will beep), immediately start the timer. Record
the absorbance (ABS) readings at time = 10, 20, 60, 90, and 120 seconds.
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7. In Excel, plot absorbance vs time. Determine the slope (dABS/dt) of the linear portion of
the line. To determine the slope, use the equation of a best-fit line that runs through at
least 3 points.
8. Multiply the slope by 60 seconds to get the change in absorbance after 1 minute. Use this
ΔABS to calculate enzyme activity using the following equation:

Where X (µL) = sample volume added to the cuvette

F.4 Solution Preparation:
The following solutions are made to a volume of 15 or 30 mL and stored in 50 mL
centrifuge tubes in the refrigerator. If solutions have been stored for several months prior to use,
make sure that they are still good by using them to test for enzyme activity in samples with
confirmed activity. The hydrogen peroxide solution must be made fresh right before assaying.

1. 20 mM Veratryl alcohol (VA)
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4. 0.2 M (pH 3.0) Sodium tartrate buffer

Add 0.582 g sodium tartrate to 10 mL DDI water. Shake tube well. Adjust the pH of the
buffer to 3.0 using 1N HCl (it should take approximately 1 mL), ensuring complete mixing
after each addition of HCl by swirling the pH probe and measuring pH twice1. Bring the final
volume to 15 mL.

5. 2 mM Hydrogen peroxide (must be made fresh daily)
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6. 20 mM 2,6-Dimethoxyphenol

7. 0.5 M (pH 4.5) Sodium tartrate buffer

Add 1.46g sodium tartrate to 10mL DDI water. Shake tube well. Adjust the pH of the
buffer to 4.5 using 1N HCl (it should take approximately 1mL), ensuring complete mixing after
each addition of HCl. Bring the final volume to 15 mL.

8. 20 mM Manganese sulfate
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F. 5 Enzyme Activity Calculations:

Where:
U = amount of enzyme that will catalyze the reaction of 1 µmol of substrate per minute
ΔABS = calculated change in absorbance over 1 minute; ε (1/cm) x substrate
concentration (mol/L) x 1cm
ε = molar extinction coefficient of product formed (veratryl aldehyde or 2,6dimethoxyquinone); measurement of how strongly the product absorbs light at the set
wavelength
X = volume of sample added to the cuvette

Unit Conversions:
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Lignin Peroxidase Activity Example: ΔABS = 0.950; ε (VA) = 9.3 x 103/cm; X = 750µL
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Appendix G

Photographs of the Experimental Setup

Figure G-1: Jaeger Tri-Pack® (1”) floating in water.

Figure G-2: Aseptic mycelial mats used to prepare mycelia suspensions.
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Figure G-3: Flask setup under sterile condition capped with No. 6.5 rubber stopper with 20
gauge venting needle.

Figure G-4: Experimental setup of aerated batch reactors. Humidification apparatus (left)
connected from main airline to air manifold.
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Appendix H

Photographs of Batch Study

Figure H-1: Sampling flasks from different treatments. From left to right:
a.
b.
c.
d.
e.

Wastewater only
Wastewater + Mycelia Solution
Wastewater + Mycelia Solution + Glucose
Wastewater + Mycelia Solution + Ammonium Tartrate
Wastewater + Mycelia Solution + Glucose + Ammonium Tartrate

Figure H-2: The attachment of co-cultured P. chrysosporium and P. ostreatus mycelia on 1”
Tri-pack® balls on day 14.
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Figure H-3: Mycelia mat showing symbiotic growth of P. chrysosporium (brown mat) and P.
ostreatus (white puffy mat) removed from 1” Tri-pack® balls on day 14.

Figure H-4: Filtrate from the experiment with co-cultured P. chrysosporium and P. ostreatus.
From left to right:
a.
b.
c.
d.

Wastewater + Mycelia Solution
Wastewater + Mycelia Solution + Glucose
Wastewater + Mycelia Solution + Ammonium Tartrate
Wastewater + Mycelia Solution + Glucose + Ammonium Tartrate

