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Chapter 1
General Introduction
The purpose of this chapter is to provide a general introduction to the field of organic
waste disposal and recycling, specifically relating to waste water sludge produced by the
pulp and paper industry. This chapter will provide a definition of a pulp and paper mill
sludge;. describe how this material is produced by various pulp' and paper mills; its
chemical properties, and methods of disposal practiced in the past, the present and
possibly the future. The objectives to be addressed in this study will also be outlined.
1.1

What is a pulp and paper mill sludge?

"Sludge" is a generic term for the solid residue recovered from the waste water stream
of pulp and paper mills (Scott and Smith, 1995). These solids consist primarily of wood
breakdown products arising from pulping (chemical and mechanical), bleaching and
paper making processes. Other waste materia!s produced by pulp and paper mills include
wood yard waste, causticising wastes (from kraft mills), mill rubbish (e.g. shipping
materials), demolition debris and ash from boilers (Scott and Smith, 1995; Russel and
Odendahl, 1996). On average, 35% of the material entering pulp and paper mills becomes
waste. Disposal 'of these materials in an economical, environmentally-sound manner
.continuesto bea significantchallenge for theindustryjScott and Smith, 1995). _ ,
Sludges produced by pulp and paper mills are discharged to the air in the form of
combustion products, to water in the form of treated effluent or to the land in the form of
solid waste sludge. Over the last two decades the air and water quality associated with
pulp and paper mills has significantly improved: due to a reduced dependence on air and
water discharge routes. Thus, more solid waste is produced, making its disposal in a
landfill the preferred option (McKeown, 1979; McGovern et al., 1982; Pridham and
Cline, 1988; Scott and Smith, 1995). Recently, concern has risen over the amount and
quality of future landfill space (Scott and Smith, 1995), since the siting of new landfills
has become increasingly difficult (Zibilske, 1987; International Institute for Environnient
and Development, 1996; Russel and Odendahl, 1996). As a result of rising landfilling
costs, and a number of environmental concerns, more innovative approaches to sludge
disposal can 'be expected '(International' Institute for Environment-and Development,
1996).
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History of pulp and paper mill sludge production

Prior to the 1970's few pulp and paper mills had effluent treatment systems to reduce
the pollution load of discharges made into streams and waterways (McGovern et al.,
1982). As the discharge ofraw waste water from pulp and paper mills into water bodies
causes oxygen deficiency, eutrophication and acute or chronic toxicity to fauna and flora
(Rintala and Puhakka, 1994), primary treatment systems were widely installed to promote
the recovery of the organic fraction (Biermann, 1993). Primary treatment is often carried
out in large clarifiers which enhance the settling of solids from the water phase.
Alternatively, some mills use settling ponds for primary clarification, but periodic
dredging is required to maintain their condition (Biermann, 1993); Subsequent advances
in sludge dewatering technology (e.g, centrifugation, vacuum filtration and pressing)
made it possible to produce a dewatered fibre cake suitable for 1andfilling (McKeown,
1979).
More advanced effluent treatment systems were developed during the 1970's to
promote removal of the organic fraction remaining after primary treatment (Sullivan,
1970; Russel and Odendahl, 1996). Secondary treatment involves the addition of
.nutrients (nitrogen and phosphorus) with pH adjustment to stimulate microbial
degradation of the organic fraction (Scott and Smith, 1995).. Secondary treatment is
usually carried out using oxidation basins, aerated stabilisation basins or the activated
sludge process (Biermann, 1993). Most of the larger mills around the world use the
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activated sludge process due to its efficiency, as it can remove approximately 90% of the
biological oxygen demand and 40% of the chemical oxygen demand of waste water
(Saunarnaki, 1988; International Institute for Environment and Development, 1996).
However, disposal of secondary sludges is problematic. Secondary sludges are often
difficult to handle (due to a high microbial protein content), and such solids need to be
mixed with primary sludge to permit adequate dewatering prior to landfilling (McKeown,
1979). Secondary sludges can be incinerated in existing boilers, but due to their low
solids content, the steam generation capacity of a boiler is often reduced, resulting in
operational problems. Secondary sludges may be landfilled, but leaching of soluble
nutrients may lead to the contamination of ground water (Saunarnaki, 1988).
Alternatively, secondary sludges can be applied to land as a soil improving organic
fertiliser, as long as the material does not contain chlorinated organic compounds (or
. adsorbable organo-halogens [AOX]), as most are acutely toxic to fauna and flora (Walden
and Boward, 1981; Saunamaki, 1988). Chlorinated organic substances are present in the
solid and liquid effluent of pulp and paper mills that use elemental chlorine or chlorine
dioxide for bleaching of pulp (Gullichsen, 1991).
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Tertiary treatments have been implemented in some mills for the purpose of effluent
colour removal, involving the use of polymer flocculants (ionic and non-ionic), activated
carbon filters or semipermeable membranes. Colour removal through flocculation with
aluminium sulfate (alum) and calcium carbonate (lime) are sometimes used. Such
decolourising treatments are expensive and few are in use commercially (Biermann,
1993).
As solid wastes from pulp and paper mills are normally classified as non-hazardous,
landfilling is still the most common means of disposal. However, concern has been raised
over the leakage of chlorinated organic substances from bleached pulp sludge in landfills
(International Institute for Environment and Development, 1996), since these substances
are acutely toxic to fauna and flora (Walden and Howard, 1981). Also, the leakage of
soluble organic matter (e.g. acetic and propionic acids from anaerobic microbial
processes) from unlined sludge landfills can lead to widespread groundwater
contamination (Russel and Odendahl, 1996). Ground water contamination is a concern if
the ground water is a drinking water source or if it flows to a surface water body. If
ground water contamination directly affects the drinking water supply, the liability
implications for a landfill operator may be large (Russel and Odendahl, 1996).

1.3

Chemical composition of pulp and paper mill sludge

Pulp and paper mill sludges usually consist of chemically modified wood fibres
.
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(cellulose) in association with water and a number of chemical contaminants. These
contaminants vary depending on the nature of the wood material entering the mill, the
chemical treatment processes used to manufacture pulp and/or paper, and the type of
waste handling practices in operation within the mill (Scott and Smith, 1995). Therefore,
the composition of a sludge produced by one mill is often significantly different from
another (McGovern et al., 1982; Scott and Smith, 1995).
Mills that use recycled fibre produce more waste than mills that use wood as a raw
material. This is partly due to fillers (e.g. clay and calcium carbonate) which are poorly
recovered from recycled paper feed stocks (Scott and Smith, 1995). Such sludges tend to
be very high in ash (Scott and Smith, 1995). Sludges may also vary depending on the
combination of waste streams treated and the pulp and/or paper manufacturing processes
employed (Scott and Smith,.1995). In general, paper mill sludge is highly fibrous
(McGovern et al., 1982), whereas kraft pulp mill sludges tend to be high in sulfur
compounds. Deinking mills tend to have high ash levels, depending on the type of
recycled paper used (Scott and Smith, 1995).
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The presence of chlorinated organic matter in sludges destined for landfilling or
recycling is of environmental concern, as these substances can cause toxicity in fauna and
flora (Walden and Howard, 1981), being present in the solid and liquid effluent of pulp
and paper mills that use elemental chlorine or chlorine dioxide for bleaching (Gullichsen,
1991). Such bleaching processes account for more than 90% of the total world pulp
production (Allison, 1995). Mills employing totally chlorine-free bleaching processes,
however, do not produce sludges that are contaminated with chlorinated organic
substances, thereby making such wastes more suitable for recycling. However, there is
evidence that microbial degradation of kraft mill sludge during activated sludge treatment.
(secondary treatment) can significantly reduce the concentration of these toxic substances..
The concentration of chlorinated organic matter can be reduced by 48 to 65% and
chlorinated phenolic compounds by 75-95% during activated sludge treatment, rendering
the effluent non-toxic and non-mutagenic (Gergov et aI., 1988).
1.4

Disposal options for pulp and paper mill sludge

As early as 1940, forest product companies, researchers and entrepreneurs have
sought to identify' aliernatives for the management of paper industry solid wastes
(Wiegand and Unwin, 1994). Although many management options have been
investigated, landfilling is still the most commonly used method (International Institute
for Environment and Development, 1996). In the United States during 1995,
approximately 50% of mills disposed of sludge in landfill, 25% by incineration, 12% by
landspreading and '13%' by other methods «(Henn,-19~n). Co;;t~~lled inciner~tio~: land
spreading, manufacture of marketable products and microbial degradation are gradually
replacing landfilling worldwide, primarily due to the increasing cost of landfilling and
lack of available land for the establishment of new sites. In some regions of the United
States for example, tipping fees have exceeded US$loo m-3 (Modell et al., 1991). The
advantages and disadvantages of some conventional and unconventional methods for the
disposal of sludge will be discussed.
The most obvious way of reducing the volume of sludge destined for disposal is by
reclaiming the fibre for reuse within the mill. This can be done by recycling primary
sludge back into a mill's fibre processing system. Recycled paper board mills commonly
use this technique. Mills producing bleached pulp sometimes add recovered fibre to
unbleachedpulp prior to entry- into .the bleaching plant.This strategyallowsfor.both the.
reclamation of unbleached fibre and the brightening of previously bleached fibre exposed
to contaminants in waste water (Wiegand and Unwin, 1994). The main drawback with
this approach is that the final paper product may have a lower tensile strength, due to the
presence of short fibres. Some mills have associated the reuse of recovered fibre with
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increased deposits on equipment (Wiegand and Unwin, 1994). Although fibre
reclamation is the most obvious way of managing sludge, many mills appear to be
reluctant to do so, due to a possible reduction in final paper strength and the expense
required to modify existing equipment.
Combustion or incineration is used in some circumstances to reduce the weight and
volume of dewatered sludge. Combustion processes suitable for eliminating sludge
wastes will only be briefly described here, as this subject has been reviewed elsewhere
(Kraft and Orender, 1993; Scott and Smith, 1995; International Institute for Environment
and Development, 1996). The travelling gate combustion process is commonly used to
burn sludge, often being co-fired with an auxiliary fuel (e.g. bark) in boilers to generate
electrical power. Mixing of sludge with bark is necessary as the moisture content of
sludge is usually too high for adequate combustion to occur. The high moisture content
tends to inhibit combustion because a large amount of energy is required to evaporate
water, and secondly, the high moisture content reduces the oxygen content within the
material. Although combustion of sludge can occur, its use in boilers often increases the
moisture load, thereby reducing temperature and boiler efficiency. The efficiency of the
boiler may be further reduced if the sludge has a low heating value, due to the presence of
significant quantities of ash. The efficiency of the boiler, however, can be significantly
improved if the moisture content of the sludge is reduced by drying, which is an
expensive, energy consuming process (Sesay et al., 1997). Another problem with adding
sludge to existing boilers is that a uniform feed is required to maintain boiler temperature,
the~ef;;~e'e~e'fiy output. Because·of tills, the amount'of sludge(hill can be co-fired by .

and

most mills is limited. The main advantage of this system, however, is that existing boilers
can be used for disposing of sludge on-site.
The fluidised bed reactor is a more effective sludge combustion process, particularly
for materials having a high moisture content (Scott and Smith, 1995; International
Institute for Environment and Development, 1996). In a fluidised bed reactor, the bottom
of the furnace is filled with an inert material, such as sand or limestone. As air flows
through the bed, it expands and provides kinetic energy to the bed particles, allowing the
evaporation of moisture from the sludge. Once the material has settled, heat transferred
from the bed causes the sludge to ignite. The bed temperature is usually maintained
between 760 and 900°C. If the sludge can be dewatered to less than 62% moisture, no
....bedmaterial isrequired because at this point the heat produced byincinerationbalances . _. _ •
the heat required for evaporation and heating (Kraft and Orender, 1993; Scott and Smith,"
1995). In Japan, 167 fluidised bed reactors are in operation for the combustion of
municipal waste, treating between 50 and 150 tonnes per day (International
Environmental Technology Centre, 1996). The fluidised bed combustion system is
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gaining an increasing proportion of the incineration market in Europe, as better
combustion, less residual ash and lower air emissions can be achieved relative to
conventional mass bum systems as described previously (International Environmental
Technology Centre, 1996).
Various modifications of the fluidised bed combustion process have been developed,
including the circulating fluid bed and the bubbling bed gasifier (Scott and Smith, 1995).
The circulating fluid bed was developed to assist in the removal of heat when a sludge is
combusted with a material having a very high heating value (e.g. coal). Bed material is
blown into the furnace where it comes in contact with the furnace walls, absorbing heat
which lowers the furnace temperature. The cooled particles fall through the combustion
zone and are removed to lower the temperature of the bed. Operation of a bubbling bed as
a gasifier is another way to control bed temperature without the use of in-bed heat transfer
mechanisms. As this system uses only a portion of the combustion air, a smaller amount
of heat is transferred to the bed. The remaining fuel leaves the bed as a mixture of carbon
monoxide, methane and other gaseous hydrocarbons, being re-channelled to the furnace
where combustion is completed and the remaining heat is released.
Combustion of pulp and paper mill sludges with energy recovery not only reduces the
mass and volume of the material, but can also reduce a mill's dependence on conventional
fuel materials (e.g. coal). For example, the burning of wood waste, bark, wastepaper and
spent digesting liquor in Japanese pulp and paper mills has reduced the total energy
-
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purchased per tonne of paper and cardboard manufactured by just over 50%, between
1975 and 1992 (Guidoni, 1996). In the United States, one mill transports dewatered
sludge to an off-site pellet mill for drying and formation into pellets. The mill purchases
the finished pellets as a fuel supplement (15-20% water; 10% ash), having a heating value
of 14.7 MJ kg! (Kilborn and Weaver, 1984; Wiegand and Unwin, 1994). As the pulp
and paper industry is a very intensive user of electricity (comprising -12% of the total
manufacturing energy in the United States), significant cost savings may occur through
the combustion of sludge (Guidoni, 1996).
Combustion, therefore, is an economical method of sludge disposal, but this process
can suffer from a number of technical and environmental problems. For example, in the
fluidised bed technology, ash remaining from the combustion process can decrease the
fluidity of the bed, thereby reducing the efficiency.of the combustion process. Also, the
. residual ash must be disposed of following combustion, which creates a new waste
disposal problem. This byproduct is usually disposed of in landfill, but a recent report
has shown that ash can be applied to land, used as a component in road bases or for the
manufacture of' cement and concrete (International Institute for Environment and
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Development, 1996). The main concern over combustion technologies is the gaseous
emissions which can cause serious environmental problems in the long term, particularly
during combustion of wastes containing significant quantities of nitrogen and sulfur,
leading to the emission of nitrogen oxides (NO x) and sulfur dioxide (S02). These
combustion products are problematic as they are responsible for causing acid rain (Kraft
and Orender, 1993; Scott and Smith, 1995). Electrostatic precipitators and water traps can
significantly reduce S02 emissions, but NOx emissions are much more difficult to collect
or absorb and require reduction through changes in the combustion parameters
(International Institute for Environment and Development, 1996). However, high
temperature combustion processes allow the destruction of chlorinated organic
compounds. Recent predictions suggest that incineration will become less attractive as a
sludge disposal alternative with time, particularly in developed countries, due to
increasingly stringent air pollution regulations (Ingram, 1993; Scott and Smith, 1995).
An alternative approach to reduce the pollution load of pulp and paper mill effluent is
by microbial treatment in anaerobic digestion facilities (MacLean et al., 1990; Rintala and
Puhakka, 1994). Anaerobic digestion involves the degradation of organic substrates by
microorganisms in the absence of oxygen, converting them to methane and carbon
dioxide (Wise et al., 1987). Energy recovery from biomass in non-dewatered or
dewatered sludges in the form of methane can reduce the energy requirements of a mill by
more than 10% (Takeshita et al., 1981). The first successful application of anaerobic
digestion for the treatment of pulp and paper mill effluents occurred in the 1970's, having
-
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been employed previously for the treatment of sewage sludge for more than 100 years'
(Rintala and Puhakka, 1994). The first anaerobic systems were covered lagoons, but by
the 1980's, large, high-rate anaerobic digesters were developed (Rintala and Puhakka,
1994). The effectiveness of anaerobic treatment systems for reducing the concentration of
organic matter differs between different waste water types. Generally though,
significantly less organic matter degradation and methane production occurs in waste
waters with a high lignin content, or when resinous acids are present (e.g. hydrolysable
tannin and gallotannic acid), as the latter group of compounds inhibit microbial growth
(Field et al., 1988). Although anaerobic mixed cultures can decompose monomeric,
dimeric and oligomeric lignin model compounds, larger polymeric lignin compounds are
resistant

to

decomposition (Field, 1989).

One of the main advantages of

an~erobic

digestion is that chlorinated organic

substances can be detoxified through reductive dechlorination by microbial consortia
(Tiedje et al., 1993; Rintala and Puhakka, 1994). Up to 60-87% of the chemical oxygen
demand of a thermo-mechanical pulp mill waste water can removed by anaerobic
treatment (Jurgensen et aI., 1985). In cherni-mechanical pulp waste waters only 40-60%
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of the chemical oxygen demand can be removed, due to the presence of compounds
which inhibit methanogenesis (Welander, 1988). Depending on the type of sludge or
waste water treated, anaerobic treatment can also reduce the volume of sludge by 50 to
66% (Takeshita et al., 1981). Since anaerobic digestion does not fully decompose all
organic matter present, an aerobic post-treatment process (e.g. activated sludge treatment)
is often required to further degrade compounds which are non-degradable anaerobically
(e.g. resinous acids). After this, the effluent must be clarified to remove the remaining
solids, which are then dewatered and transported to a landfill, In some cases, the
remaining dewatered sludge is composted and used as a soil conditioner '(Rintala and
Puhakka, 1994).
The disadvantage of anaerobic digestion is the high investment and operational costs, '
however, these costs can be offset by energy recovered in the form of methane. Both
short and long term toxicity problems (caused by compounds which inhibit
methanogenesis) have been associated with some failures in full-scale anaerobic treatment
plants (Rintala and Puhakka, 1994). Accumulation of large fibre and wood chips in some
anaerobic digestion facilities can reduce sludge activity and process efficiency, thus
necessitating the reseeding of the digester (MacLean et al., 1990), In general, anaerobicaerobic systems have been reported to have lower operational costs than aerobic treatment
facilities (e.g. activated sludge processes) because of the reduced aeration-energy
req uirement, reduced sludge production, and because of methane recovery (Rintala and
Puhakka, 1994). Thus, widespread treatment of pulp and paper mill effluent or sludge
with anaerobicdigestion will depend on the relative' cost savings incurred-by using the'
methane recovered, and on the type of material digested.
Supercritical water oxidation (or pyrolysis) is a process capable of decomposing pulp
and paper mill sludges into innocuous products (Modell et al., 1991; Wiegand and
Unwin, 1994). This process decomposes organic and some inorganic materials in the
aqueous phase above the critical point of water under moderate temperature (374°C) and
high pressure (23 MPa) conditions. In this state, organic materials become much more
soluble in water and oxidise readily in the presence of oxygen. The products of the
oxidation process are carbon dioxide and inorganic acids (e.g. hydrochloric, sulfuric and
phosphoric acids). Once the mixture is cooled back to room temperature via heat
exchangers, the effluent is separated and the oxygen, once separated from the carbon
dioxi_de is recycled back to the process (Modell et al., 1991)., The advantages of this
system are: there is no requirement for sludge dewatering; the process is exothermic (selfsustaining except for the start-up); there is no odour problems, and preliminary work in
laboratory scale reactors has demonstrated that it can destroy 95 to 99.9% of total organic
carbon and chlorinated organic substances, including dioxins, after a retention time of 10
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minutes (Modell et al., 1991; Wiegand and Unwin, 1994; Scott and Smith, 1995).
Although no operations have been installed on a large-scale (Wiegand and Unwin, 1994),
use of this system will no doubt become increasingly popular, particularly in
circumstances where tipping is expensive or landfill space is unavailable. Modell et al.,
(1991) reported that supercritical water oxidation treatment of sludge can compete
effectively with dewatering plus landfilling where tipping fees are in excess of US$45
m-3.
Destructive distillation is another physical decomposition process available for the
treatment of pulp and paper mill sludge (Fio Rito, I?93). This process involves the
breakdown of organic matter through the appJication of heat in an oxygen-free
atmosphere. Because oxygen is not used in the process, combustion does not occur.
Destructive distillation apparently decreases air and water pollution, odours, toxins and
reduces sludge to gases and a useable char, while reducing the volume by -90% (Fio
Rito, 1993). The char can be transformed into a usefuJ activated carbon absorbent if the
material is dehydrated then carbonised to remove non-carbonaceous material by heating at
400-600°C (Fio Rito, 1993). The remaining char can be used as an auxiliary fueJ in
boilers to assist in energy generation. This sludge disposaJ alternative may also become
increasingly attractive to mill's subject to limitations in landfill space, or where tipping is
expensive.
Land spreading of pulp and paper mill sludge on forest or agricultural soils has been
the favoured disposal op-tion, possibly because this practice 'is' seen as more
environmentally sustainable than landfilling, incineration or physical decomposition
(Sullivan, 1970; Kendall and Pait, 1982; Simpson et al., 1982, 1983; Pepin et ai., 1983;
Einspahr and Fiscus, 1984; Hatch and Pepin, 1985; Pridham and CJine, 1988; Shimek et
al., 1988). Application of sludge to land at carefully prescribed rates thereby eliminates

the accumulation of large quantities of potential pollutants in confining structures like
landfills or lagoons (Kendall and Pait, 1982). Land spreading can be accomplished with
either non-dewatered (e.g, Sullivan, 1970) or dewatered sludge (Scott and Smith, 1995).
Although non-dewatered sludge is sufficiently fluid for spray application, transportation
costs can be prohibitive for large volumes of waste relative to the dewatered form
(Sullivan, J970). The addition of sludge to soils has been shown to improve the yield of
various crops such as corn (Sullivan, 1970; Pepin et al., 1983; Simpson et al., 1983;
, Shimek et al., ,1988), rye and sorghum (Simpson et al., 1982, 1983) and cottonwood
plants (Tripepi et al., 1996) through the provision of nutrients and organic matter. The
increase in crop yields following sludge application may be also due to the combined
effect of the material on the water holding capacity and cation exchange properties of the
soil (Einspahr and Fiscus, 1984). Zibilske (1987) reported that application of sludge to
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land may also improve soil physical properties, and may assist in erosion control if
application rates are carefully managed.
Although the addition of pulp and paper mill sludge to soils can improve their
productive capacity by providing nutrients for crop uptake, the presence of heavy metals,
toxic chlorinated organic substances (Campbell et al., 1991; Wiegand and Unwin, 1994),
low nitrogen and phosphorus content (Zibilske, 1987) or excessive soluble salts such as
ammonium, sodium, chloride and sulfate (Simpson et al., 1983) can impair plant growth.
These potential problems can be dealt with by reducing the rate or frequency of sludge
applications, or by adding nitrogen and phosphorus to the sludge or soil. Secondary
sludges, however, do not usually require nitrogen and phosphorus fertilisers since these
nutrients are added during the activated sludge process to stimulate microbial breakdown
of organic mailer. The capacity of a given soil type to accommodate a sludge depends on
its texture, porosity and hydraulic conductivity, which determines the ability of the soil to
transmit oxygen, which is utilised by microorganisms to decompose the organic fraction
(Kendall and Pait, 1982). Also, the ability of a soil to accommodate a sludge will depend
on the biological oxygen demand of the material (Kendall and Pait, 1982). Uncontrolled
applications of sludge may result in excessive microbial oxygen consumption and the
formation of anaerobic conditions in soil, leading to the production of phytotoxic short
chain volatile fatty acids (e.g. acetic, myristic, palmitic, and stearic acids) (Lynch, 1977;
Garda et al., 1992; Marambe et al., 1993). The main disadvantages of land spreading
sludge are the risk of creating anaerobic conditions and immobilisation of soil nitrogen,
--_~
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caused by excessive or uncontrolled application, and the large quantities of land near a
mill required to safely apply this material (Kendall and Pait, 1982).
Another way of recycling pulp and paper mill sludge is through the manufacture of
pellets containing dried sludge and a balanced addition of nutrients required for plant
growth (Einspahr and Fiscus, 1984). In this case, nutrient release occurs slowly over
time and may assist in the mineral nutrition of plants. Manufacture 'of slow nutrientreleasing pellets requires specialised machinery. However, if a market for this material
could be established, use of sludge in this manner could be a profitable alternative to
landfilling. A similar process of sludge recycling has been reported by Anderson (1991).
A sludge recovered from a paper deinking mill is converted into a granular product, and is
used as a "carrier" material for agricultural and garden pesticides. Apparently the material
competes well with other common pesticide carrier materials such as clay orvermiculite,
and has the advantage of being dust-free.
Pulp and paper mill sludges, as previously discussed, consist primarily of cellulose,
and straw
have
some_.attention
Cellulose
sources,--such--as wood
. -"-_.-..
-_. received
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substrates for fuel ethanol production by microbial fermentation processes (Lynch. 1987;
Wiegand and Unwin. 1994). Although technology is available for the conversion of
wood and straw into fuel additives. the major problem is that the process is not
economically viable (Atlas. 1998). Bulk chemicals such as ethanol. glucose and
butanediol can be produced cheaply from other feed stocks. such as hexose sugars
derived from starches and syrups. Production of ethanol from cellulosic materials.
however. is very different from ethanol production from starches (Lynd et al., 1989).
The a[IA] linkages between glucose units in starch are easily hydrolysable in the
presence of microbial exoenzymes, however, the

~[I,4]

linkage in cellulose is quite

resistant to attack. For this reason, cellulose needs to be hydrolysed (by acid or enzymatic
means) prior to fermentation to enable adequate microbial attack. This makes ethanol
production from cellulose much more expensive relative to liquid fermentation or
chemical processing of starch. Alternatively, the enzymatic degradation of lignin in pulp
and paper mill sludge wastes could supply aromatic chemicals to industry (e.g. cresol,
vanillin and syringaldehyde). The advantages of using an enzymatic process for the
. conversion of lignin into useful products compared with chemical processes are: greater
reaction specificity, lower energy requirements, lower pollution generation, and higher
yields of desired products (Lynch, 1987). These processes may become attractive for the
treatment of pulp and paper mill sludge wastes in the future when conventional fuel
energy sources (e.g. coal, oil, natural gas), or feed stocks normally used for the
manufacture of aromatic chemicals become increasingly scarce.
Composting is anexample of a microbiological process capable of converting sludge
produced by the pulp and paper industry into a useful horticultural or agricultural product.
Composting involves the decomposition of solid, heterogenous organic matter by a mixed
microbial population in a moist, thermophilic, aerobic environment (Grayer al.• 1971).
When organic matter is piled, temperatures within the mass increase, due to the release of
heat from microbial decomposition processes. Pile temperatures increase when the rate of
heat generation exceeds the rate of heat loss from the surface (Gray et al., 1971; Miller,
1993). Microbial enzymatic activity increases, resulting in enhanced rates of organic
matter decomposition relative to ambient temperature conditions, as in soil for example
(Shulze, 1962; Jeris and Regan, 1973). The organic material remaining following a
composting process is often referred to as a humus-like substance (Alexander, 1977). It
consists primarily of plant constituents modified by the compost microbiota; more
specifica.lly, th.e material consists of .microbialcells andthe products of microbial.
metabolism that are relatively resistant to decay, and various elements bound in organic
complexes (e.g. nitrogen,phosphorus. sulfur and other elements) which are essential
nutrients for the growth of microorganisms and plants (Alexander. 1977). In natural and
managed systems. the formation of humus and microbial biomass during the
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decomposition of plant organic matter plays a vital role in maintaining soil fertility and
physical structure (Bohn et al., 1985; Edgerton et al. 1995). As properly composted
organic matter consists primarily of humus and elements required for plant growth, much
interest has been devoted to the conversion of pulp and paper mill sludges into soil
improving composts.
The advantages of composting are:
•

the recovery of valuable organic matter and nutrients which are normally lost from
agricultural systems when deposited in landfills (Finstein and Morris, 1975);

•

reduced mass and volume of material, and thus reduced transportation costs (Shulze,
1962; Line, 1995);

•

increased concentration of nitrogen and phosphorus through partial mineralisation of
the organic fraction, thereby decreasing the risk of damaging plants by the microbial
immobilisation of soil nitrogen (Finstein and Morris, 1975);

• . minimisation of odours which are normally produced following uncontrolled addition
of raw organic materials to soils (Dick and McCoy, 1993); .
• transformation of soluble nitrogen and phosphorus into organic forms, thereby
.... extending the"availability' of these 'elemeritsoverthe growing season, and'a decreased
chance of nutrient leaching (Poincelot, 1974; Finstein and Morris, 1975; Goldstein,
1977);
•

increased humus content and cation exchange capacity, thereby improving nutrient
retention and availability (Harada and Inoko, 1980), and the production of a higher
value product suitable for horticultural and agricultural applications (Sesay et aI.,
1997).
Several studies of pulp and paper mill sludge composting have been documented since

the 1970's (Wysong, 1976; Mick et al. 1982; Smyser, 1982; Carter, 1983; Valente et
al., 1987; Pridham and Cline, 1988; Campbell et al., 1991, 1995; Line, 1995; Tripepi et
. __ .. __al.:. 1996; Sesay et.ql...'-)997),h2wever, fe'Y..havesucceededin producinga ma!~ri<l.I

suitable for land application. This is because many sludges exhibit excessive salinity, .
caused by the addition of ash from boilers into the effluent stream, are not properly'
.

stabilised or have excessive nutrient loadings. Clearly, if composting is to become a
practicable and economically viable alternative to landfilling, specific changes have to be

'.
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made in the waste handling processes of some mills, in order to produce a sludge which
is compatible with plant growth following a composting phase.
Composting is an environmentally sustainable approach for the disposal of pulp and
paper mill sludge. If sold, such materials could also significantly offset the disposal costs
normally associated with land filling. Composts are not only useful for the improvement
of soil quality (Parr et al., 1978; CSIRO Division of Soils, 1979; Pagliai et al., 1981;
Hernando et al., 1989; Turner et aI., 1994) and crop growth (Davey, 1953; Duggan,
1973; Gouin, 1982; Garcia et aI., 1991; Shiralipour et aI., 1993), but can also be used as
a substitute for peat in horticultural growing media (Hoitink, 1980; Hoitink and Poole,
1980; Chen et al., 1988; Fitzpatrick, 1989; Hartz et aI., 1996; Pinamonti et al., 1997),
and as a component in the manufacture of artificial soil (Poincelot, 1974; Wiegand and
Unwin, 1994). Composts can be used for soil erosion control (Ettlin and Stewart, 1993);
to reduce plant diseases of agricultural and horticultural crops (Hoitink et aI., 1977; Daft

et al., 1979; Lumsden et aI., 1983; Weltzien, 1989; Logsdon, 1993); act as a substrate for
turf and wildflower sods (Cisar and Snyder, 1992; Mitchell et al., 1994) or as a substitute
for soil caps on landfi.lls (Slivka et al., 1992; Wiegand and Unwin, 1994); can assist in
the rehabilitation of mine sites and tailings (Hortenstine and Rothwell, 1972; Scanlon et

al., 1973; Pinchak et aI., 1985) and can be used as biofilters for the immobilisation of
odours from industrial processes (Goldstein, 1996).
The manufacture of innovative, high value "co-products" from pulp and paper mill
sludge is currently being pursued in the United States, and to a lesser extent in Canada
(Cox, 1997; Glenn, 1997). Products manufactured from sludge include cat litter, oil spill
containment granules,lightweight aggregate for use in concrete, animal bedding, road
paving, and as sand substitutes for traction on icy roads (Wiegand and Unwin, 1994;
Cox, 1997; Glenn, 1997). To promote the recycling of sludge into marketable products, a
council consisting of sixteen paper mills has recently been established in the United States
(Cox, 1997). If sufficient demand can be created for products manufactured from sludge,
the amount of material disposed of in landfills will reduce considerably. The manufacture
and sale of products from sludge would, therefore, offset a considerable proportion of the
costs normally associated with waste treatment and disposal. Given the economic and
environmental incentives for producing marketable products from sludge, it is predicted
that increasing volumes of this material will be made into useful products in the future.
In summary, the suitability of a particular sludge disposal method for a given mill
depends on the technical feasibility of the process, cost and available markets. The type of
mill, location of the mill, waste type, environmental regulations and the business strategy
.. of the company will also influence the type of sludge disposal method chosen (Wiegand
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and Unwin, 1994). As composting processes, in general, are not capital intensive and
require low to moderate operating costs, composting may be an economically viable
altemati ve to landfilling in regions where tipping fees are moderately low. If the resulting
compost can be sold to domestic users and/or to local municipalities, the revenue
generated may yield a positive economic return to the mill. Given the environmental and
potential economic advantages of composting, the purpose of this study was to establish
whether composting could be a viable alternative to landfilling. However, before the
specific aims of this study are addressed, some historical aspects of composting, the
microbiology of the process and its future role in the waste management industry will be
briefly discussed.

1.5

Historical aspects of composting, its microbiology and the future
role in the waste management industry

Composting, as a waste treatment process, is one of the oldest organic waste recycling
methods known, being practiced since biblical times (Jeris and Regan, 1973). One of the
first recorded references to composting can be found in the Bible. In the parable of the
Fig Tree in Luke - the farmer talks of "dunging the fig tree", a form of in-ground
cornposting (Poincelot, 1974). It was not until the late 1920's that large-scale composting
systems appeared. A British agronomist, Sir Albert Howard developed the Indore method
of composting in India, involving the periodic turning of layered garbage, night soil,
animal _manure, se\'.'ag:: s~~d~e, st~aw and.leave_s in stacks: The Be~c~ri m~th~d of
composting was developed around the same time in Italy. Organic wastes were
composted in top-loaded cells equipped with air valves. Elsewhere in Europe, the Dano
method of composting was in use around this time as well, involving a rotating cylinder
containing wastes through which air and water were blown. Most of these processes,
however, were poorly controlled, being largely anaerobic and they often' experienced
problems with putrefaction (Poincelot, 1974).
It was not until the late 1930's that it was demonstrated that microorganisms were
responsible for the evolution of heat and transformation of organic matter into humus
during composting (Waksman et al., 1939). Waksman and his colleagues at the New
Jersey Agricultural Experimental Station also made the discovery that temperature and
aeration were important determinants of microbial activity, which in turn governed the
rate of straw decomposition. Further work showed that the majority of chemical changes
occurred during the thermophilic phase, and that a change from a predominantly
mesophilic (10-37°C) to a thermophilic microbial population (37-65°C) occurred during
the initial stages of composting. The microbiological and biochemical principles of
cornposting discovered by . Waksrnan and co-workers wer.e further developed in
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subsequent reports by Golueke et al. (1954), Wiley and Spillane (1961), Gray et al.
(1971), Jeris and Regan (1973), Poincelot (1974) and Finstein and Morris (1975). This
work showed that the addition of microbial inocula to composting heaps, in most cases
were worthless, and that periodic turning (or in cases where the moisture content of the
material was high, forced aeration) was sufficient to provide oxygen for composting to
occur. The concentration of nitrogen within the organic material was also found to be
important for adequate substrate decomposition to occur.
The scientific basis of composting revealed in work between 1939 and 1975 provided
the basis for optimising microbial activity, to achieve high rate, controlled organic waste
composting in large-scale systems. The importance of composting was realised as a
process capable of stabilising and reclaiming domestic organic waste products (e.g. food
residuals and sewage sludge). Work by the United States Department of Agriculture at
Beltsville developed the aerated static pile, involving the suction of air into the pile to
maintain aerobic conditions and to moderate temperatures, therefore eliminating the
requirement for turning (Haug and Haug, 1977). Subsequent work at Rutgers University
in New Jersey overcame many of the problems associated with the Beltsville static pile
system. The Rutgers composting system involved the blowing of air through the pile via
the base with temperature feedback control to optimise microbial activity and hence
substrate decomposition rates (Finstein, 1980). These controlled composting processes
were found to be effective for the treatment of sewage sludge before its application to
land, as the thermophilic temperatures achieved were sufficient to destroy pathogenic
microorganisms (Parr et al., 1978).
Subsequent studies on the potential uses of composts, particularly in the United States,
made large-scale composting a standard method for reclaiming organic waste, with the
resulting composts being widely used in the horticultural industry. Hoitink and coworkers in the late 1970's discovered that microorganisms in bark composts were
effective in suppressing some important plant diseases of horticultural crops in containers
(Hoitink et aI., 1977; Daft et aI., 1979; Hoitink, 1980; Hoitink and Fahy, 1986). The
suppressive effects of compost amended substrates involved the presence of antagonistic
microbiota, including some fungi (e.g. Trichoderma spp. and Gliocladium virens) and
bacteria (e.g. Flavobacterium balustinium, Pseudomonas putida and Xanthomonas
maltophiliai which recolonise compost heaps after peak heating (Hoitink and Fahy,
1986). As a result, composted bark (a waste product of the forest and paper industry)
almost entirely replaced peat in horticultural growing media. These findings lead to
widespread investigations into composts, formulated from a diverse range of materials as
potential substrates for use in agricultural and horticultural operations.
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Among the promising uses of composts mentioned previously, the preparation of
aqueous extracts from composts for controlling fungal diseases of agricultural and
horticultural crops may increase the importance of composting in the near future. Recent
evidence has shown that aqueous extracts of composts, containing a complex microbiota
can reduce the disease incidence of Plasmopara viticola and Uncinula necator on grape
vine, and Phytophthora infestans on potatoes and tomatoes when the solutions are
sprayed prophylactically onto plant surfaces (Weltzien and Ketterer, 1986; Weltzien,
1989; Weltzien, 1992). Use of such biocontrol agents may reduce the need for synthetic
fungicides and pesticides, thereby significantly reducing the health hazards normally
associated with conventional food production.
In conclusion, composting can add economic value to organic wastes destined for
landfill, and use of composts is often associated with a number of environmental benefits.
Reclamation of domestic organic waste through composting will be particularly important
in Australia towards the end of this decade, and beyond, as state and federal governments
have adopted the Australian and New Zealand Environment and Conservation Council's
recommendation to obtain a 50% per capita reduction in domestic landfill waste by the
year 2000. The development of stricter environmental controls for organic wastes will no
doubt encourage many companies to consider composting as an alternative to landfilling.

1.6

Purpose of this study

The primary objective of this study was to determine the suitability of the sludge
produced by Australian Newsprint Mills as a substrate for composting, and to assess the
feasibility of using this material as a mulch in plantation forestry and as a component in
horticultural growing media. More specifically, this study has:
• chemically characterised the sludge to determine its suitability as a substrate for
composting, the nutrient requirement to initiate composting, and has investigated
whether potentially toxic substances are present (e.g. heavy metals and chlorinated
organic substances);
• determined the optimal conditions for sludge composting in laboratory scale reactors
designed to simulate conditions expected to be present in large-scale, periodicallyturned windrows;
• assessed the performance of sludge composting on a large-scale based on the optimal
composting conditions determined in the laboratory, the agricultural quality of the final
composted product, and the economlcs of composting relative to landfilling;.
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• identified the benefits of using sludge compost as a slow nutrient releasing mulch in
radiata pine (Pinus radiata} plantation forestry;
• determined the suitability of the composted sludge as a component in horticultural
growing media.
The research objectives outlined above will be covered separately in chapters following
this general introduction. Each chapter will contain the following sections: abstract;
introduction; materials and methods; results and discussion, and conclusions. A more
detailed assessment of literature relevant to each topic will be included in an introduction
to each chapter, for the purpose of clarity. The thesis will conclude with a general
discussion detailing the major findings and recommendations made in this study.
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Chapter 2
Organic, elemental and microbiological characterisation of
pulp and paper mill sludge
2.1

Abstract

The elemental and microbiological characteristics of a pulp and paper mill sludge
(PMS) produced by Australian Newsprint Mills (ANM) were determined to establish
whether any amendments (elemental or microbiological) were necessary to initiate
composting. The organic fraction of the PMS was also characterised by traditional
chemical extraction procedures and recent spectroscopic techniques such as Carbon-13
Cross Polarisation Magic Angle Spinning Nuclear Magnetic Resonance (13C CP MAS
NMR) and Fourier Transformed Infrared (FTIR) spectroscopy to detemine the likely rate
of biodegradation during composting. Results indicated that the inorganic elemental
concentration in the PMS was low, and due to the high carbon content, substantial
quantities of nitrogen, phosphorus and potassium would be required to stimulate
biodegradation. The microbiological assessment revealed that the PMS was poorly
colonised with microorganisms and inoculation with a microbiota may be necessary to
initiate composting. Spectroscopic studies showed that the PMS consisted primarily of
cellulose polymorph type I (which is present in ordinary pulp) with a minor lignin and
uronic acid contribution.. Evidence suggested .that minor to large structural changes
occurred during extraction of lignin, holocellulose and cellulose. The standard chemical
techniques- used to extract these fractions resulted in sample degradation as well as
changes in functionality and structural organisation. Chemical extraction techniques were,
therefore, not suited for accurate quantification of the organic composition of PMS, and
spectroscopic techniques provided a more reliable, semi-quantitative assessment of
organic composition. Since the PMS consisted primarily of cellulose, the rate of
microbial degradation of the latter during composting would be slow, as cellulose is a
poor growth substrate for microorganisms.

2.2

Introduction

Pulp and paper mill sludges contain chemically-modified wood fibres in association
with a number of chemical contaminants,the latter depending on the nature of the wood - - .
material entering the mill, the chemical treatment processes used to manufacture paper and
the type of waste handling practices in operation within the mill (Scott and Smith, 1995).
Since the chemical composition of a PMS produced by one mill is often significantly
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different from another (McGovern et af., 1982), a general approach to the methodology
of PMS composting or landspreading for example cannot be formulated. If a composting
or land spreading protocol for a specific type of PMS is to be formulated, a chemical and
elemental analysis is required to identify any factors which may affect soil nutrition, plant
growth or the microbial degradation of the substrate (Alexander, 1977). A prediction of
the likely rate of decomposition may be also be possible by identifying the major organic
fraction present in the substrate since different materials exhibit different susceptibilities
to microbial attack (Gray et al., 1971). Although a number of workers have reported the
elemental composition of various types of PMS's prior to land application (Aspitarte et
al., 1973; Kendall and Pait, 1982; McGovern et aI., 1982; Simpson et al., 1982, 1983;

Hatch and Pepin, 1985; Zibilske, 1987; Pridham and Cline, 1988; Shimek et aI., 1988;
Diehn and Zuercher, 1990) or composting (Wysong, 1976; Mick et al., 1982; Smyser,
1982; Carter, 1983; Campbell et al., 1991, 1995; Line, 1995; Tripepi et aI., 1996), none
have characterised the organic fraction present.
Therefore, the purpose of this investigation was to determine the chemical and
elemental composition of PMS to estimate the quantity of chemical amendment or
otherwise required to achieve an acceptable rate of decomposition during composting.
Culturable microorganisms present in PMS were also enumerated to determine whether
inoculation with a microbiota would be necessary for composting to proceed. An attempt
was also made to determine the organic composition of the PMS by chemical extraction
methods and recent spectroscopic techniques such as l3C CP MAS NMR and FTIR.
Although chemical extraction techniques have been traditionally used to selectively isoi:lie
and quantitate' organic components, recent evidence suggests that considerable
modification of covalent bonding occurs, which changes the nature of the sample and
leads to uncertainty of conclusions drawn (Bartuska et al., 1980; Worobey and Barrie
Webster, 1981). To characterise the organic composition of the PMS, a direct nondestructive analysis of an intact sample is preferable. A technique that has demonstrated
potential ,for reliable structural characterisation of soil organic matter (Hatcher et al.,
1981; Worobey and Barrie Webster, 1981; Gerasimowicz and Byler, 1985; Preston et
al., 1987; Norden and Berg, 1990; Baldock et al., 1992; Gressel et aI., 1995), wood

(Kolodziejski et al., 1982; Haw et aI., 1984), composts (Piotrowski et aI., 1984; Inbar et
al., 1989, 1990, 1991; Chen and Inbar, 1993; Vinceslas-Akpa and Loquet, 1994) and

herbages (Himmelsbach and Barton, 1980; Himmelsbach et aI., 1983; McBride, 1991) is ,
I3C CP MAS NMF-. Another non-destructive method, FTIR is capable of characterising
principal chemical groups in organic substances (Stevenson, 1982). When l3C CP MAS
NMR and FTIR are used in a complementary manner, detailed structural information can
be obtained (Gerasimowicz and Byler, 1985).
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2.3

Materials and Methods

2.3.1 Origin of PMS
The PMS analysed in this study was produced by a totally chlorine-free, bleached
newsprint mill consisting of a thermo-mechanical pulping mill, a chemi-mechanical
pulping mill, a kraft slushing plant, a bleaching tower (hydrogen peroxide and caustic
soda based) and two newsprint I speciality grade paper machines. Pinus radiata
(softwood) comprises approximately 66% of total wood used in the mill, whereas the
remainder consists of Eucalyptus spp. (hardwood) (E. regnans, E. delegatensis and E.
obliqua) (30% in total) and kraft (4%). Pinus radiata chips are pulped in the thermomechanical pulping mill, whereas the Eucalyptus spp. chips are pulped in the chemimechanical pulping mill with cold caustic soda. Effluents produced by the thermomechanical pulping mill and white water produced by paper machine no. 2 are directed to
primary clarifier no. 1. White water produced by paper machine no. 3 and the effluent
produced by the chemi-mechanical pulping mill (brown water) are directed to primary
clarifier no. 2. Aluminium sulfate (40 mg L-I) is added to both clarifiers to assist in the
flocculation and binding of resinous extractives to floes. A non-ionic polyacrylamide
flocculant (Superfloc'P N2100) (0.6-1.0 mg L-I) is also added to both clarifiers to
increase flocculation efficiency. These agents are also added to the sludge holding tank (at
varying rates) prior to dewatering to further assist in flocculation. Following primary
clarification, the sludge is dewatered to between 25 and 30% solids (not subject to

. _. -
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~
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-
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biological treatment), resulting in the production of a fibrous cake (i.e. primary sludge).
In 1996, ANM produced approximately 50 000 tonnes (wet weight; or 99 008 m-') of

PMS, all of which was landfilled (R. Smith, Pers. Com., 1996).
2.3.2 Sample preparation for spectroscopic analysis, chemical extraction, chemical
analysis and elemental composition
A 10 kg'sample of PMS was collected from the sludge dewatering plant at ANM when
the mill was operating under normal conditions. After collection, the PMS was oven
dried at 70°C for 12 hours. Samples of PMS were prepared for spectroscopic analysis,
chemical extraction and elemental analysis by grinding to < 2 mm particle size in a
hammer mill. Sample homogeneity was ensured by mixing the ground PMS. FTIR
samples were prepared by combining ca. 100 mg of KBr with ca. 2 mg of dry PMS
which was compressed under vacuum to discs. Lignin, holocelluloseand cellulose
extracted from PMS were dried at 70°C for I hour prior to spectroscopic analysis.
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2.3.3 Sample preparation for microbial assessment
A 0.5 kg sample (wet weight) of dewatered PMS was aseptically transferred into a
sterile 2 L glass Schott bottle and then stored on ice at the same time of the previous
sampling. Three hours after collection, 10 g (wet weight) of PMS was added to 100 mL
of 0.85% sterile saline in a stomacher bag, and agitated for two minutes in preparation for
dilution plating.
2.3.4 Chemical and elemental analysis of PMS
The following chemical determinations were made on PMS: Total C, N, and S were
quantified with a Carlo Erba CHNS-O elemental analyser present in the Central Science
Laboratory, University of Tasmania. Total P, K, Na, Mg, Ca, Cd, Cr, Cu, Fe, Pb, Ni
and Zn were determined by inductively coupled plasma optical emission spectroscopy
(ICPOES) following digestion in hot nitric acid by Australian Government Analytical
Laboratories, South Melbourne, Victoria (Method VL239). Phosphate-P was determined
by the vanado-molybdate method (Hesse, 1972), ammonium-N and nitrate-N by
Kjeldahl distillation (Ministry of Agriculture, Fisheries and Food, 1986), sulfate-S by
conversion to barium sulfate with spectrophotometic analysis (Spectronic 20, USA) of
the product (Ministry of Agriculture, Fisheries and Food, 1986), and total inorganic
carbon (as carbonate) by the rapid titration method (Allen, 1974). Electrical conductivity
was determined with a conductivity meter (Konduktometer E527, Switzerland) in a 1:5
-

-

--.

PMS :distilled water slurry (Hesse, 1972), pH with a pH electrode (Orion Research,
USA) in a 1:10 PMS (wet weight):distilled water slurry, gravimetric water content by
oven drying at 105°C for 12 hours and ash by combustion at 500°C in a muffle furnace
(Ministry of Agriculture, Fisheries and Food, 1986). All analyses were replicated three
times and expressed as mean values, except for the lCPOES analysis which was
conducted on a single representative sample (due to cost).
2.3.5 Chemical extraction of PMS
Lignin, holocellulose, cellulose and hemicellulose were extracted from PMS
(extractives-free) according to established procedures (Browning, 1967; 1975). Briefly,
lignin was isolated with the Klason method by selectively removing cellulose and
hemicelluloses in 72% sulfuric acid, followed by boiling in 3% sulfuric acid. The
percentage lignin was also determined indirectly by the Kappa number procedure (TAPPI
Standard Method, 1993). Holocellulose was isolated by removal of lignin with sodium
chlorite in dilute acetic acid. Cellulose was further isolated from the holocellulose fraction
by selectively removing hemicelluloses with 24% potassium hydroxide. Hemicellulose

-
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was precipitated from the filtrate obtained during cellulose extraction of holocellulose by
addition of acetic acid. l3C CP MAS NMR and FfIR were performed on Klason lignin,
holocellulose and cellulose as detailed below. Each analysis was replicated three times and
yield data were expressed as a mean of the three analyses.

.

2.3.6 Spectroscopic analysis of PMS, extracted Klason lignin, holocelJulose and
cellulose
13C CP MAS NMR and FfIR were performed on unextracted PMS, extracted Klason
lignin, holocellulose and cellulose as detailed below. High resolution solid state l3C CP
MAS NMR spectra were acquired with a Bruker MSL 400 spectrometer at the CSIRO
Division of Materials Science and Technology, Clayton, Victoria at a I H frequency of
90.1 MHz, l3C frequency of 22.6 MHz (9.4 T), spinning rate 7 kHz, contact time I ms,
spinning angle 54.7° to magnetic field, cycle time I s, acquisition time 1024 ms, sweep
width 531.11 ppm, line broadening 40 Hz and a scan number of 2 to 3000. FfIR spectra
were obtained at a wavenumber range of 4800-400 cm! on a Bruker IFS 66 FTlR
spectrophotometer. A linear baseline correction function was applied to spectra using
. 4780 crrr '. 3780 crrr l , 2300 cm- I, 1890 crrr ' and 843 crrr! as zero baseline points. The
FTIR absorbance spectra presented possess a wavenumber range of 2000-750 crrr l,
l3C CP MAS NMR spectra were rescaled at 74 ppm in order to obtain difference
-

spectra. The relative magnitude of the signal at 74 ppm was unaffected by the chemical
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extraction procedures, and all signals rescaled accordingly following peak
standardisation. After baseline correction of FfIR spectra, all spectra were rescaled at
3300 crrr ! (OH region) to obtain difference spectra, since the relative magnitude of
absorbances at this frequency were not affected by the chemical extraction procedures,
and all peaks were found to rescale accordingly.
2.3.7 Microbial assessmentofPMS
Serial dilutions of the homogenate were carried out to 10- 6 , and 0.1 mL of each
dilution was spread onto six Tripticase Soy Agar plates (amended with 80000 units L-I
penicillin G and 100 000 units L-I nystatin), six Rose Bengal Agar plates (amended with
0.03 g L-I streptomycin sulfate) and six Actinomycete Isolation Agar plates (Atlas,
199,3). Three plates of.each medium were incubated. aerobically in the dark at 25°Cor .
55°C for one week prior to enumeration. Microbial counts were expressed as the number
of colony forming units per gram of oven dry PMS (as before).

- .-

23

Chapter 2 - Organic elemental and microbiological characterisation of PMS

2.4

Results and Discussion

2.4.1

Chemical and elemental assessment of PMS

The chemical composition of PMS with comparisons to previously reported chemical
analyses of sludges produced by the pulp and paper industry are listed in Table 2.1. A
photograph of dewatered PMS is shown in Plate 2.1 also. The pH of PMS was very low
(pH 4.38) compared with the pH of 9.4 in the sludge reported by Campbell et al., (1995)
and 8.4 in the sludge reported by Valente el al., (1987). The low pH of the PMS was due
to the hydrolysis of aluminium sulfate used during primary clarification and sludge
dewatering. Although many microorganisms are capable of growing and liberating the
appropriate enzymes for the hydrolysis of materials such as polysaccharides over a wide
pH range, in most cases degradation occurs most rapidly at neutral pHs (Alexander,
1977), indicating the pH of PMS may need to be increased prior to composting.
The gravimetric water content of the sludges (Table 2.1) ranged between 50.5 and
79.0%. There was no consistent relationship between the gravimetric water content of
sludge and the type of mill in Table 2.1. Varying press dewatering efficiencies may be
responsible for the large variation in the gravimetric water contents reported. Since the
analysed PMS possessed a very high gravimetric water content (76.9%; Table 2.1),
potential for gas transport limitations would exist during composting because of the high
proportion of water to air filled voids which tend to impede gas transfer (Evans, 1965).
-
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Such materials tend to be susceptible to anaerobic metabolism (Miller, 1989), resulting in
a reduced rate of substrate mineralisation and a significantly longer time to reach a desired
level of maturity.
Plate 2.1 Dewatered PMS cake.
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The concentration of ash in the PMS was low (2.09%) compared with other sludges
reported (Table 2.1), due to a low concentration of inorganic elements (Tables 2.2 and
2.3). Reports suggest that pulp and paper mill sludges tend to be highly fibrous whereas
kraft pulp mill sludges tend to have a high ash concentration due to the presence of sulfur
compounds which remain after delignification. Recycled and deinking pulp mill sludges
generally have high ash contents as well, due to the high ash levels (5-30%) present in
magazine and office waste (Scott and Smith, 1995). The high ash content in the sludge
produced by the bleached pulp and paper mill reported by Campbell et aI., (1995)
(69.3%) may be a result of boiler or furnace ash addition to the effluent stream.

Table 2.1 Chemical properties and total elements of ANMs PMS compared with other
reported PMSs.
Analysis (% where appropriate) a
GWCb

Ash

ECc

Cloral

CoIn. d

N

CoN

ANM (bleached pulp/paper mill) 4.38

76.9

2.09

0.2

47.98

0.013

0.22

218:1

Bleached pulp/paper mill (I)

ill

66.6

1.9

nr

48.7

ill

0.2

243:1

Bleached pulp/paper mill (2)

.9.4

ill

69.3

1.4

16.8

ill

<0.1

<168:1

Pulp mill (3)

ill

58.0

4.9

ill

51.6

ill

0.9

64:1

Kraft pulp mill (4)

or

62.4

7.1

ill

55.2

nr

4.4

14:1

Recycled paper mill (5)

ill

50.5

2.8

or

48.6

ill

0.4

121: 1

Deinking mill (6)

or

58.0

14.0

ill

31.1

or

0.9

35:1

Wisconsin River mills (7)

ill

79.0

33

ill

41.6

ill

1.6

26:1

8.4

62.5

40

ill

30

nr

0.01

>1250:1

Source

pH

Portugal pulp/paper mills (8) e

(I) Nickull et al., (1991); (2) Campbell et al.. (1995); (3) Kraft and Orender, (1993); (4,5.6) Durai-

Swamy et al., (\991); (7) McGovern et al.. (1982); (8) Valente et al., (1987). a Data expressed as a mean
of three replicate analyses andon a percentage dry weight basis where appropriate; bGravimetric water

content;

C

Electrical conductivity in units of dS mol; d Inorganic carbon; e Total C and N data shown is
the median of the range reported; nr Not reported.

The concentration of carbon in the sludges shown in Table 2.1 was variable,
depending on the relative proportion of ash and whether the sludge was produced by a
primary or secondary treatment system, The carbon content of the sludges ranged
between 16.8% from a bleached pulp and paper mill (Campbell et aI., 1995) and 55.2%
from a kraft pulp mill (Durai-Swamy et aI., 1991). The analysed PMS contained avery
low concentration of nitrogen (0.22%) and hence a high C:N ratio, which is typical of
sludges produced by primary treatment systems. Sludges produced by secondary
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treatment systems, however, possess a relatively lower C:N ratio, as mineral nitrogen is
added to the effluent to stimulate microbial degradation of the organic fraction (Scott and
Smith, 1995; Biermann, 1993). The PMS also contained a very low concentration of
phosphorus and potassium (Table 2.2). Since the rate of decomposition of organic
materials is proportional to the concentration of nitrogen, evidence suggested that addition
of nitrogen to achieve a C:N ratio of 35: I or below would be required to stimulate
microbial degradation of the material (Ruschmeyer and Schmidt, 1958). Although
phosphorus and potassium are usually not limiting in most materials for biodegradation to
occur (Ruschmeyer and Schmidt, 1958; Brown et aI., 1998), supplementation of the
PMS with such nutrients may be required to increase the likelihood of the compost
supporting plant growth.

Table 2.2 Total elements and specific ion analysis of ANMs PMS compared with other
reported PMSs.
Analysis (mg kg-I) a

Source

P

ANM (bleached pulp/paper mill)

21

K

Na

Mg

Ca

S

<10 190

33

110

170

HPO,2- NH 4+ N03-

10

S042-

1440

760

170

Bleached pulp/paper mill (I)

1201 428 6348 594 10100 4712 58.5

4

2.4

or

Kraft pulp/paper mill (2)

9000 1600 3100 5200 104000

Portugal pulp/paper mills (3) b

750

(I) Campbell et al.,

85

1050 1675

2200

or

or

or

or

or

or

or

or

or

750

1995; (2) Simpson et al., 1983; (3) Valente et al., (1987); a Elemental data expressed

on a single analysis whereas ionic data areexpressedas a mean of three replicates on a mg kg! dry
weight basis; b Data shown is the median of the range reported; nr Not reported.

The electrical conductivity of the PMS was very low due to a low concentration of
inorganic elements (Tables 2.1, 2.2 and 2.3). The electrical conductivity of the sludge
reported by Campbell et aI., (1995) was seven times higher than that of the analysed
PMS, possibly due to a high concentration of sodium, potassium (Table 2.2) and
chloride. The kraft pulp mill sludge reported by Simpson et al., (1983) possessed a very
. high calcium concentration of 10.4%, possibly from calcium carbonate (Scott and Smith,
1995) which is used as a filler to increase the opacity and brightness of printed papers
(Biermann, 1993). Of the calcium carbonate used during paper filling, only 50% is
retained in the paper (Biermann, 1993); this possibly explains the high concentration of
calcium in the sludge reported by Simpson et al., (1983). The concentrations of
phosphate, ammonium, nitrate and sulfate in PMS were low relative to the sludges
reported by Campbell et aI., (1995) and Valente et aI., (1987) (Table 2.2). The
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concentrations of heavy metal elements in PMS were also found to be low for all
elements analysed relative to other sludges reported (Table 2.3).
Unlike many other sludges produced by the pulp and paper industry, the PMS
produced by ANM is not contaminated with organochlorine reaction products which are
normally present in pulp and paper or kraft pulp mill effluents that use molecular chlorine
(Gullichsen, 1991) or chlorine dioxide for bleaching (Allison, 1995). Due to the presence
of toxic chlorophenols such as tetrachlorodibenzo-p-dioxin (TCDD) and
tetrachlorodibenzofuran (TCDF) (collectively known as absorbable organic halogens
(AOX» in sludges of mills that utilise chlorine-based bleaching (Walden and Howard,
1981; Gullichsen, 1991), potential disposal options are few. Such bleaching processes
account for more than 90% of total world pulp production (Allison, 1995).

Table 2.3 Heavy metal analysis of ANMs PMS compared with other reported PMSs.

Analysis (mg kgJ) a

Cd

Source

Cr

Cu

Fe

Pb

Ni

Zn

ANM (bleached pulp and paper mill)

<l

<to

<to

52

<10

<to

<50

Bleached pulp and paper mill (I)

10

64

30

nr

12

25

127

Kraft pulp and paper mill (2)

2

230

33

nr

15

31

200

Kraft pulp and paper mill (3)

1.2

nr

46

nr

92

24

94

Deinking mill (4)

nr

nr

78

nr

4

0.6

424

(I) Campbell et al..

(1995); (2) Hatch and Pepin. (1985); (3) Simpson et al., (1983);

(4) Diehn and Zuerc.~er. (1990); a Data expressed on a single analyses and on a mg kg'!
dry weight basis; or Not reported.

2.4.2 Microbial assessment of PMS
The PMS was found to be poorly colonised with aerobic mesophilic and thermophilic
microorganisms (Table 2.4) and inoculation of the material may benefit the composting
process, although evidence to support the need for inoculation to initiate composting has
only been demonstrated in one instance (Davey, 1953). Inoculation of the PMS with
mature compost may therefore be sufficient to initiate composting. Microbial growth in
the effluent during primary clarification may have been limited by the high C:N:P:K ratio
(Tables 2.1 and 2.2) and acidic conditions (Table 2.1). The presence of residual oxygen
radicals from the bleaching process and resins such as abietic, dehydroabietic and
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isopimaric acids (Walden and Howard, 1981) from the chemi-rnechanical pulp mill
effluent may have had a temporary antimicrobial effect.

Table 2.4 Culturable aerobic microorganisms present in freshly dewatered PMS.

Bacteria
CFU g'\
Mesophiles b

l.4x

Thermophiles c

nw «

Fungi
CFU g-I DW

loS

3.3

X

103

II!

II!

a Colony forming units expressed on a dry weight (DW) basis

andreported as a mean of three replicate determinations;
b Mesophilic microorganisms isolated at 35°C;

C

Thermophilic

microorganisms isolated at 55°C; nd Not detected.

2.4.3 Organic composition of PMS as determined by FrIR, I3C CP MAS NMR
and chemical extraction techniques
The organic composition of the PMS was examined by standard chemical extraction
techniques and recent spectroscopic methods to determine the susceptibility of the PMS to
biodegradation during composting. A I3C CP MAS NMR spectrum of the PMS is shown
in Figure 2.la. The spectrum strongly resembles spectra of chemically isolated cellulose
polymorph type I published by Dudley et al., (1983) and indicates the presence of little
lignin or hemicellulose-like material. Since no aromatic signals were present in the
spectrum (143-160 ppm), the PMS could be assumed to contain little, or no lignin. The
only signal that may indicate the presence of lignin was at 56 ppm, attributable to
methoxyl carbons. Signals characteristic of hemicellulose, however, were difficult to
resolve, since many of the spectral features tend to be similar to cellulose (Haw et al.,
1984). The lack of hemicellulose in PMS was confirmed by the absence of a shoulder on
the higher shielding side of the 105 ppm peak, normally characteristic of hemicellulose
carbons of xylose, mannose and arabinose that are structurally analogous to cellulose
carbon C-I (Haw et al., 1984). This contention was further supported by an absence of
signals at 22 and 174 ppm, characteristic of carbonyl and methyl carbons of acetate
groups present in 4-0-methyl-a-D-glucuronic acids of arabinoglucuronoxylan and
glucuronoxylan in hemicellulose (Browning, 1975; Kolodziejski et al., 1982). However,
signals representing carbonyl and methyl carbons of acetyl groups are poor indicators of
hemicellulose content since they are difficult to resolve (Kolodziejski et al., 1982) and are
susceptible to hydrolysis during the early stages of pulping (Haw et al., 1984). The

Chapter 2 - Organic. elemental and microbiological characterisation of PMS

28

remainder of the spectrum was dominated by signals characteristic of the C-l to C-6
carbon atoms of cellulose (Figure 2.2). The large doublet between 72 and 75 ppm was
due to the C-2, C-3 and C-5 carbons of cellulose, and the peak at 65 ppm was due to the
cellulose carbon C-6, whereas on the higher shielding region of the 65 ppm.shoulder (61
ppm) lie methoxyl signals of 4-0-methyl-<X-D-glucuronic acid groups of hemicellulose
and possibly lignin (Haw et al., 1984). The signal at 89 ppm and the broader highshielding shoulder at 83 ppm was due to the cellulose carbon C-4, while the sharp signal
at 105 ppm was due to cellulose carbon C-I. The strong resemblance between the I3C CP
MAS NMR spectrum obtained in this study with that obtained from bisulfite and kraft
pulp (Haw et al., 1984) suggested that the PMS consisted mainly of cellulose type I
present in ordinary pulp, possibly in combination with a small quantity of lignin and
uronic acid groups present in hemicellulose.
The FTIR spectrum of PMS (Figure 2.3a) complemented the structural information
obtained in the I3C CP MAS NMR spectrum (Figure 2.1a). The FTIR spectrum was
dominated with carbonyl (C=O) (1630-1660, 1720 crrr l), carboxylic (COOH) (1350
crrr l), aliphatic (C-H) (1420,1470 crrr l), alcoholic (C-OH) and hydroxyl (O-H) (1050,
1110, 1185, 1250 cm-!) functional group stretches which are characteristic of
polysaccharide materials (Stevenson, 1982). Aromatic ring stretches were detected at
1515 and 1300 crnJ, although these were small in intensity relative to those of the
polysaccharide functional group stretches. The peak at 1515 crrr! may have indicated the
presence of lignin (Johnston, 1964). A weak absorption peak characteristic of xylose, 4O-methyl-<X-D-glucuronic acid or arabinose present in hemicellulose was located at 1720
c m! (Marchessault, 1961). Given the absence of xylose, mannose and arabinose
polymer signals (as in hemicellulose) as determined previously, evidence suggested that
the hemicellulose fraction present in the PMS consisted primarily of uronic acid groups.
Selective hydrolysis and dissolution of hemicellulosic polysaccharides into mono- and
oligosaccharide units during the early stages of cooking I alkaline treatment in the thermoand cherni-rnechanical pulping mills may explain the absence of the latter in the PMS. The
analysed PMS, therefore, consisted primarily of polysaccharide material, specifically
cellulose, possibly in combination with a small quantity of lignin and uronic acid groups
present in hemicellulose.
The high cellulose content in the PMS may be accounted for, in part, by the
mechanical and chemical degradation of wood polysaccharides during thermo- and chernimechanical pulping, paper manufacture and bleaching. The low lignin content in the PMS
may be due to the fact that the pulping and bleaching processes tend to be ligninpreserving, and little of the lignin removed from the chips is precipitated onto the floes
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Figure 2.1 13C CP MAS NMR spectra of (a) PMS; (b) extracted Klason lignin; (c)
extracted holocellulose; (d) extracted cellulose; (e) difference spectrum a-c; (f) difference
spectrum c-d; (g) difference spectrum a-d.
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Figure 2.2 Chemical structure of the cellulose repeating unit with carbon atom
assignments as detected in the 13C CP MAS NMR spectrum of PMS (Figure 2.1a).
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during primary clarification. Mechanical defibration of softwood chips during thermomechanical pulping is the main source of fibre loss at ANM, as such mechanical
processes contribute to polysaccharide degradation through the production of divided
fibre fragments (fines). Cherni-mechanical pulping with cold caustic soda also contributes
to polysaccharide degradation, since such processes usually exhibit a low degree of lignin
selectivity and cause considerable glycosidic bond hydrolysis and polysaccharide
degradation relative to sulfate (kraft) delignification processes (Sjostrom, 1993). Another
source of fibre loss from the pulp is through the action of hydroxyl radicals which are
formedafter decomposition of peroxide during bleaching. Hydroxyl radicals contribute to
polysaccharide degradation since they are only moderately selective for lignin in
comparison to other bleaching chemicals (Sjostrom, 1993). The lack of lignin removal
and low level of lignin selectivity exhibited by the pulping and bleaching processes,
together with the mechanical degradation of polysaccharides during thermo-mechanical
pulping and paper manufacture may be responsible for the production of a PMS with a
high cellulose and low lignin content at ANM.
Significant structural changes occurred during the chemical extraction of lignin with
sulfuric acid according to the l3C CP MAS NMR and FrIR spectra (Figures 2.1band
2.3b). The K1ason method for lignin extraction did not isolate lignin, but resulted in a
dimensionally disordered (amorphous) cellulosic product with an increased methoxyl
content (56 ppm, Figure 2.1b) as revealed by the 13C CP MAS NMR spectrum. Neither
spectrum displayed any similarities with previously published spectra of lignin (Bartuska
et ai., 1980; l\1aciel et ai., 1981). The amorphous product was, in fact, the cellulose type_

11 polymorph and not lignin, identified by the C-l doublet at 108 ppm which is usually
obtained by mercerization of cellulose from solution (Dudley et ai., 1983). All functional
groups were affected by lignin extraction according to the FrIR spectrum. Aromatic
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FTIR spectra of (a) PMS; (b) extracted Klason lignin; (c) extracted

holocellulose; (d) extracted cellulose; (e) difference spectrum a-c; (f) difference spectrum
c-d; (g) difference spectrum a-d.
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(1515 crrr l), aliphatic (1420 and 1470 crrr l) and alcoholic groups (1250-1350 crrr l) all
increased in intensity following extraction, whereas the carbonyl stretch at 1660 crrr! was
completely removed. The Klason lignin yield of 27.42% was clearly incorrect, whereas
the lignin yield of 2.87% by the Kappa number procedure may better represent the actual
lignin content in PMS (Table 2.5). Neutralising agents, such as large quantities of ash
may reduce the efficiency of cellulose and hemicellulose removal from Klason lignin
during extraction with sulfuric acid, and may result in an overestimation of actual lignin
content. Since the PMS possessed a low ash content (2.1%) and a low pH (4.38) (Table
2.1), the conditions for Klason lignin extraction would have been optimal. Haw et aI.,
(1984) similarly reported that the lignin content determined by quantitative l3C CP MAS
NMR spectroscopy was in good agreement with the lignin content of pulps as determined
by the Kappa number method. The findings reported here on PMS are in agreement with
Lai and Sarkanen (1971) who reported that the Klason lignin method was unsuitable for
the estimation of lignin content in pulps that had been treated with agents such as
chlorine, hypochlorites, chlorites and chlorine dioxide. However, at ANM the pulp is not
delignified or bleached with chlorine-based chemicals, although the imported kraft
(comprising 4% of total wood used) which is utilised as a strengthening agent in the pulp
is. Thus, the Klason lignin method may also be unsuitable for estimation of lignin in
pulps that have been partially treated with chlorine-based chemicals, or caustic soda and
hydrogen peroxide which are used at ANM for the purpose of delignification and
bleaching, respectively.
Fewer structural modifications occurred to holocellulose and cellulose, relative to
lignin, during extraction.(Figures 2.lc,d and 2.3c,d) and the 13C CP MAS NMR spectra
were similar to those previously published (Atalla et aI., 1980; Kolodziejski et aI., 1982).
Extraction of holocellulose from PMS with sodium chlorite (yield 72.65%; Table 2.5)
resulted in minor changes in the 13C CP MAS NMR spectrum, including the removal of
the methoxyl signal at 56 ppm, attributable to lignin, and a slight increase in signal
intensity at 65 ppm, attributable to cellulose carbon C-6 (Figure 2.lc). The FTIR
spectrum of holocellulose revealed a substantial loss of carbonyl signal intensity (16301660, 1720 crrr l) relative to unextracted PMS. Evidence suggested that some degree of
cellulose (1630-1660 crrr l), and possibly uronic acid (1720 crrr l) removal occurred
during extraction of holocellulose from PMS with sodium chlorite, since carbonyl peaks
were present in the difference spectrum (Figure 2.3e) obtained between PMS (Figure
2.3a) and extracted holocellulose (Figure 2.3c).
Loss of some C-2, C-3 and C-5 atoms of cellulose (72 and 75 ppm; Figure 2.ld),
methoxyl carbons of uronic acids (61 ppm, Figure 2.ld; 1720 crrr l , Figure 2.3d) and
carbonyl groups (1630-1720 crrr l ; Figure 2.3d) occurred during extraction of cellulose
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(yield 57.08%) from holocellulose (Table 2.5). Loss of the previous signals, therefore,
suggested that the uronic acid groups of hemicellulose, together with some cellulose
constituents, were removed following extraction of cellulose from holocellulose. The lack
of lignin in PMS was further confirmed by the absence of a lignin-like spectrum (FfIR
and l3C CP MAS NMR) when the difference spectrum (Figures 2.1e and 2.3e) between
PMS (Figure 2.1a or 2.3a) and holocellulose (Figure 2.lc or 2.3c) was obtained.

Table 2.5 Yields of lignin, holocellulose, cellulose and hemicellulose isolated from
PMS by standard chemical extraction techniques.
%, w/w a

Component

Klason lignin

Kappa No. lignin
Holocellulose
Cellulose

27.42

b
C

b

b

Hemicellulose b

2.87
72.65
57.08
11.23

a Data expressed as the mean of three replicate analyses

on a dry weight basis; b Browning, (1967); C TAPPI
Standard Method, (1993).

The spectra of hemicellulose (Figures 2.lf and 2.3f) in PMS were obtained indirectly
by subtracting the cellulose spectrum (Figure 2.1d or 2.3d) from the holocellulose
spectrum (Figure 2.1c or 2.3c). The 13C CP MAS NMR spectrum exhibited no
similarities with previously published spectra of hemicelluloses (Kolodziejski et al.,
1982) and all of the signals present could be assigned to cellulose. Likewise, the FfIR
spectrum (Figure 2.3f) indicated little hemicellulosic material was present in PMS. The
spectroscopic evidence obtained, however, was contradictory to the hemicellulose content
as determined by chemical extraction (11.23%; Table 2.5). The shoulder on the high
shielding side of the signal at 65 ppm, which was previously assigned to uronic acid
groups of hemicellulose was not present in the I3C CP MAS NMR spectrum of
hemicellulose. This result supported the previous finding that the uronic acid content in
PMS was indeed very small. The over-estimation of hemicellulose content in the PMS
was probably due to the occurrence of cellulose degradation products in the filtrate as a
result of holoceliuJose treatment with 24% potassium hydroxide. The hemicellulose
chemical extraction procedure, therefore, cannot be used to accurately quantitate the
hemicellulose content in PMS, due to excessive cellulose degradation caused by a lack of
selectivity of potassium hydroxide for hemicelluloses. Such alkali extractions have further
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disadvantages, including almost complete deacetylation of hemicelluloses and the
tendency to extract xylans more efficiently than glucomannans (Sjostrom, 1993).
The difference spectra in Figure 2.1g and Figure 2.3g were obtained by subtraction of
the PMS spectrum (Figure 2.la or 2.3a) from that of cellulose (Figure 2.1d or 2.3d).
These spectra should represent the non-cellulose fraction in PMS. Since the signals that
exist in the l3C CP MAS NMR spectrum can be assigned primarily to cellulose
degradation products (72, 83, 89 and 105 ppm), except a small contribution from lignin
(56 ppm) and uronic acids (61 ppm), evidence suggested that the PMS consisted almost
entirely of cellulose type I.
The lack of lignin removal and low level oflignin selectivity exhibited by the pulping
and bleaching processes, together with the mechanical degradation of wood
polysaccharides during thermo-mechanical pulping and paper processing was responsible
for the production of a PMS with a high cellulose and low lignin content. The standard
chemical extraction methods used could not quantitatively isolate lignin in its intact form
in the PMS. Extraction of holocellulose,cellulose and hemicellulose resulted in sample
degradation and incorrect yield determinations. Considerable modification to functionality
and struclural organisation occurred during the chemical extractions, and therefore these
methods cannot be used to accurately quantitate the relative proportions of lignin.
holocellulose, cellulose or hemicellulose in PMS. Spectroscopic examination of the PMS
with 13C CP MAS NMR and FTIR was found to provide a more reliable, semi~
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quantitative assessment of actual organic composition.
Since the PMS was found to contain primarily cellulose in combination with a small
fraction of lignin and uronic acids, evidence suggested that the rate of PMS degradation
under composting would be relatively slow, since cellulose is poorly metabolised as a
sole source of carbon (Alexander, 1977). The reason why cellulose is slowly degraded
by microorganisms is because of its high stability, owing to its tertiary structure. The
polymer consists of simple undeviating linear arrangement of glucose residues, coupled
exclusively by B[lA) glycosidic linkages. The resultant chains are organised in a parallel
fashion into fibrils, which are stabilised by interchain hydrogen bonding. Individually,
the hydrogen bonding is weak, but collectively they result in very strong associative
forces, which physically inhibits attack by cellulolytic microbial enzymes (Bayer and
'. Larned, 1992). The absence of a readily metabolisable carbon source in association with.
cellulose in PMS may also significantly reduce the rate of cellulose decomposition arid,
hence the rate of PMS composting (Alexander, 1977). The presence of lignin may also
further reduce the rate of cellulose degradation during composting, since lignin reduces
the susceptibility of cellulose to decomposition by physically inhibiting cellulolytic
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enzymes through close structural interlinkages with cellulose in the plant cell wall
(Alexander, 1977).
2.5

Conclusions

The PMS analysed in this study was chemically unique relative to other sludges
reported in the literature. The material was found to be highly fibrous and was not
contaminated with excessive concentrations of inorganic elements, heavy metals or
chlorinated organic compounds, making it particularly suitable for composting. The high
C:N:P:K ratio of the PMS suggested that substantial addition of nitrogen, phosphorus
and potassium would be required to stimulate its biodegradation. The microbiological
assessment of PMS revealed it to be poorly colonised with aerobic mesophilic or
thermophilic microorganisms, suggesting that inoculation with a compost microbiota may
hasten initiation of the composting process. Spectroscopic examination of PMS with I3C
CP MAS NMR and FTIR showed it to consist primarily of cellulose polymorph type I
which is present in ordinary pulp, with a minor lignin and uronic acid contribution.
Evidence suggested that the potential rate of PMS decomposition during composting
would be slow, due to the high cellulose content 'which is a poor growth substrate for
microorganisms. The absence of a readily metabolisabJe carbon source in association
with cellulose in PMS may also significantly reduce the rate of cellulose decomposition
and hence the rate of PMS composting. Examination of the standard chemical extraction
techniques indicated that minor to large structural changes occurred during extraction of
lignin, holocellulose and cellulose as determined by I3C CP MAS NMR and FtIR
spectroscopy. The standard chemical techniques used to extract these components
resulted in sample degradation and changes in functionality and structural organisation of
the sample. The results obtained in this study, therefore, suggest that the chemical
extraction techniques used are unsuitable for the quantification of the major organic
fractions present in PMS.
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Chapter 3
Laboratory-scale composting of pulp and paper mill sludge
3. 1

Abstract

The purpose of this investigation was to determine the optimal conditions for
composting PMS with mineral nutrients using laboratory-scale reactors designed to
simulate conditions of a large-scale, periodically-turned windrow. One of the major

/

control variables for composting the PMS was found to be nutrient management because
addition of the full nutrient requirement prior to composting could result in significant
nutrient losses in large-scale windrows through volatilisation and leaching of nitrogen.
a

Addition of nutrients incrementally during composting, therefore, was investigated, as
this may decrease the risk of nutrient loss. The other major control variable studied was
temperature as this affects the metabolic activity of microorganisms and may determine
the rate at which a cured compost can be produced. This study, therefore, examined the
relationship between the method of nutrient addition and temperature on composting of
PMS using laboratory-scale reactors in a factorial experimental design.
The rate of PMS decomposition as determined by the rate of C02 production and 02
consumption was higher at 55°C than at 35°C. Evidence suggested that the rate of
composting was slow under all conditions in the laboratory-scale reactors and the time to
produce a cured compost could be significantly shortened if composting was undertaken
at the higher temperature. The method of nutrient addition (nutrients added in full prior to
composting or in quarterly instalments) had no effect on the respiratory activities of the
compost microbiota or rates of decomposition, but had a major influence on pH which
determined the intensity and period of ammonia volatilisation. If pH was controlled, then
incremental nutrient addition could be advantageous from the perspective of nutrient
conservation.
3 •2

Introduction

Although numerous attempts at PMS composting have been undertaken since the
1970's (Wysong, 1976; Mick et al., 1982; Smyser, 1982; Carter, 1983; Valente et al.,
1987; Pridham and Cline, 1988; Campbell et al., 1991,1995; Line, 1995; Tripepi et al.,
1996; Sesay et al., 1997) few have been successful in producing a material satisfactory
for use in horticulture or agriculture. Since the chemical composition of PMS differs
among mills (Chapter 2), composting methods developed for one PMS IT ay be unsuitable
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for another. If commercially viable composting of PMS is to be achieved, sludge-specific
methods need to be developed.
The two major control variables for composting a PMS with a high C:N ratio in largescale static windrows that are periodically-turned are nutrient and temperature
management. In a compo sting mass containing sufficient water for microbial growth,
nutrient content (Poincelot, 1974; Finstein and Morris, 1975; Ashbolt and Line, 1982)
and temperature (Waksman et aI., 1939; Poincelot, 1974; Suler and Finstein, 1977; Nell
and Wiechers, 1978; MacGregor et al., 1981; McKinley and Vestal, 1984; McKinley et
al., 1985; Nakasaki et aI., 1985) have a marked influence on the metabolic activity and·

species diversity of microorganisms, which in turn will govern the rate of mineralisation
and decomposition of the substrate.
The temperature rise which occurs during composting is due to the conservation of
microbial metabolic heat within the organic matrix (Miller, 1993). Conflicting opinion has
been expressed regarding optimal temperatures for conducting composting (Finstein and
Morris, 1975), however, the mid to upper 50°C range has been most commonly reported
to be optimal for substrate decomposition (Jeris and Regan, 1973; MacGregor et aI., .
1981; McKinley et aI., 1985; Nakasaki et aI., 1985; Derikx et aI., 1990; Miller, 1993).
An explanation for the differing results reported by different workers may be that
composting performance was measured in different ways. The optimal composting
temperature for microbial diversity occurs within the mesophilic range (25-40°C)
- -.
- _.
- -- . -.
.
(McKinley and Vestal, 1984; Strom, 1985). However, the optimum composting
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temperature for C02 evolution is in the thermophilic range (55-60°C) since microbial
respiratory activity in compost increases logarithmically between 20 and 60°C
(MacGregor et aI., 1981; McKinley et al., 1985; Nakasaki et al., 1985; Derikx et al.,
1990; Miller, 1993). Furthermore, the optimal composting temperature for C02 evolution
per microbial cell occurs under extreme thermophilic coriClitions (70°C; Nakasaki et al.,
1985). Under these conditions however, microbial diversity is severely reduced, oxygen
consumption rates decrease and decomposition proceeds relatively slowly (Nell and
Wiechers, 1978). Since the rate of substrate decomposition determines the rate of
compost production, the optimal composting temperature should be defined as the
temperature where the rate of mineralisation is maximal.
Although the rate of microbial degradation of an organic substrate usually increases.
with temperature (Waksman et aI., 1939), optimal temperatures for the degradation of
particular organic components differ (e.g. cellulose and lignin) (Stutzenberger et al.,
1970; Kirk and Farrell, 1987). This is because select members of the microbial
population that are most efficient in the degradation of one substrate may have different

.",
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temperature optima from those that are most efficient in the degradation of another.
Degradation of lignin by white-rot fungi occurs most effectively under highly aerobic
mesophilic conditions, however under thermophilic conditions where bacteria dominate
the biota, no significant mineralisation of the material has been recorded (Kirk and
Farrell, 1987). Although thermotolerant and thermophilic fungi have been isolated from
compost and wood chips undergoing self heating (e.g. Cooney and Emerson, 1964;
Stutzenberger, 1971; Tansey, 1971; Poincelot, 1974), their ability to degrade lignin has
not been demonstrated. The ability of fungi to mineralise lignin is strongly inhibited by
anaerobic conditions (Kirk and Farrell, 1987), significant quantities of nitrogen (Jeffries
et al., 1981) and/or if copper and manganese are deficient (Kirk and Fenn, 1982).

Thermophilic conditions however appear to be more favourable for the degradation of
cellulose, as maximal cellulolytic activity occurs at -65°C (Stutzenberger et al., 1970).
Although celluloytic fungi have been isolated under these conditions (Tansey, 1971;
Poincelot, 1974), this group tends to be more prevalent during the heat up and cool down
phases of composting (Waksman et al., 1939; Poincelot, 1974; Alexander, 1977).
Historically, research on the nutritional requirements of microorganisms needed for the
decomposition of an organic substrate has been limited to investigations of nitrogen and
phosphorus. According to Dibble and Bartha (1979), the quantity of nitrogen and
phosphorus required to mineralise a given organic substrate can be calculated from the
C:N and C:P ratios in cellular material. Thus a C:N ratio of -35:1 and a C:P ratio of 60 to
120: I have been found to be adequate to initiate decomposition (Ruschmeyer and
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Schmidt, 1958; Alexander, 1977; Brown et ai., 1988), although phosphorus is not
usually limiting in most organic materials (Rusch meyer and Schmidt, 1958). At lower
C:N ratios the rate of mineralisation of a substrate does not increase, and loss of nitrogen
through ammonia (NH3) volatilisation and the production of nuisance odours often
occurs (Finstein and Morris, 1975). The importance of potassium, sulfur, calcium,
magnesium and micronutrients in composting systems have received little attention,
probably because these elements are in sufficient quantities in most organic substrates for
decomposition to occur unimpeded.
Although temperature, in general, has a greater effect on composting than nutrient
content (Poincelot, 1974; Finstein and Morris, 1975), an excessive loading of mineral
nutrients at the start of composting may promote nitrogen losses through NH3
volatilisation (Ashbolt and Line, 1982; Sikora and Sowers, 1985; Martins and Dewes,
1992; Bernal et al., 1993; Mahimairaja et al., 1995) or may increase the risk of nutrient
loss to the leachate (Martins and Dewes, 1992), thereby resulting in ground water
pollution. Management of nutrient loadings

to

match immediate microbial requirements

should prevent the possibility of ground water pollution during composting. This may be
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achieved by adding the nutrient requirement incrementally instead of adding the total
nutrient requirement prior to composting.
Composting experiments under laboratory conditions with varying levels of process
control have been used extensively to simulate conditions present in large-scale systems
(Waksman et al., 1939). This is because composting experimentation in the field is costly
and difficult to control, and certain aspects of quantification cannot be achieved (Hogan et
al., 1989). Laboratory-scale composting reactors overcome these limitations, usually

involving enclosed vessels which are externally heated and/or ventilated to match
temperature and/or gas exchange profiles in open air piles (Sikora et al., 1983).
Containment of the composting substrate in an enclosed vessel, therefore, allows mass
balances to be monitored (Sikora et al., 1983). However, the ability of laboratory-scale
reactors to simulate large-scale systems has been questioned (Hogan et al., 1989)..
Adiabatic vessels have been commonly used in composting simulations, and involve the
use of constant aeration to maintain aerobic conditions with temperature control being
achieved by external heating (Walker and Harrison, 1960; Nell and Wiechers, 1978;
Ashbolt and Line, 1982; Sikora et al., 1983). However, such systems fail to simulate
large-scale systems since fully aerobic conditions in the latter instance wouldrarely be
obtained. As a consequence, the time required for completion of composting in largescale systems is usually significantly longer than that which occurs under laboratory
conditions. Decomposition proceeds slowly under anaerobic conditions and incompletely
since carbon sources are not fully oxidised to C02 by fermentative processes. Thus, a
smaller amount of energy'ls yielded for cellular metabolism when compared to
respiration, involving the complete oxidation of the carbon source to C02 under aerobic
conditions (Brock and Madigan, 1991). Furthermore, the ability of laboratory-scale
reactors to simulate the composting of materials with a very high gravimetric water
content is doubtful. Under these conditions anaerobic conditions would predominate in
large-scale systems since gas uptake by convection and/or diffusion would be inhibited
due to the high percentage of water to air filled voids (Evans, 1965; Baver et al., 1972).
The reason why this study chose to model the PMS composting process on
periodically-turned windrows and not on other more complex systems (e.g. forced
aeration composting) which may be more suited to materials with a high gravimetric
water content (e.g. PMS used in this study) was because the former system would be
t!!0re likely to bee used at Australian Newsprint Mills, primarily because,of its low cost.
Choice of a low cost system of composting was necessary because of the lack of .
economic incentives for the company to implement such an operation, mainly due to the
low cost of landfilling and the small demand for composted products in Tasmania
(Leonard, 1993).
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Given the importance of temperature and nutrient management on the compo sting
process, the purpose of this investigation was to optimise conditions to efficiently convert
PMS into a composted product. Conditions within laboratory-scale reactors were
designed to simulate (as best as possible) those likely to be present in large-scale
periodically-turned windrows. The results were used to provide a basis for optimising
large-scale PMS composting at a later stage.

3.3

Materials and Methods

3.3. I Composting treatments and experimental design
A 2x2 factorial design replicated four times was used to test the effect of temperature
and the method of nutrient addition on PMS composting. Incubation temperature was
divided into a 35°C and 55°C treatment, and the method of nutrient addition was divided
into a full nutrient addition (FNA) and an incremental nutrient addition (INA) treatment.
Thermostatically-controlled incubators were used to provide an internal temperature of 35

± 1°C

or 55

± 1°C. In

these experiments, it was assumed that the temperature of the

compost present in the reactors equalled the incubator temperature.
3.3.2 Small scale reactors
Purpose-built reactor vessels were 4.0 L (15.8 em i.d., 20.4 em tall) gas-tight plastic
containers with removable lids. Allcontainers were- fitted with a gas sampling' port
stopped with butyl rubber 2 em below the lid. Vessels were uniformly packed to 60% of
total vessel volume with 830 g (wet weight) of PMS collected when the mill was
operating under normal conditions (as in Chapter 2) and placed in appropriate incubators
as indicated above. Vessels were aerated twice per week by removing the lids and
thoroughly mixing the contents to simulate the mechanical turning which would occur in
a large-scale windrow.
3.3.3 Nutrient supplementation
PMS was supplemented with mineral nitrogen, phosphorus and potassium to obtain a
C:N:P:K ratio of25:1:0.5:0.1 (w/w, dry weight [DWJ). Urea (NHz-CO-NH z) (46% N)
was .<Idded as a source of nitrogen, partially acidulated phosphate rock (PAPR)
([Ca3(P04hb.CaF,.(CaC03)x-CCa(OHhh) (4.3% available P; 11.9% total P) as a
source of phosphorus, and muriate of potash (KCl) (50% K) as a source of potassium.
Each vessel was inoculated with a 1:1 mixture of garden soil and fish waste and bark
compost at a rate of 2% (w/w, wet weight), as previous results suggested the PMS was
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poorly colonised by mesophilic and thermophilic microorganisms (Chapter 2). However,
no microbial population counts were conducted on the garden soil and fish waste and
bark compost. For the FNA treatment, all nutrients were added at the start of the
experiment (day I); for the INA treatment, nutrients were added in 25% increments of the
FNA on days I, 29, 50, and 71. Therefore a total of four treatments were used: 55°CFNA, 55°C-INA, 35°C-FNA and 35°C-INA.
3.3.4 Chemical changes during composting
The gravimetric water content
intervals wiih the

(awC) and pH of compost was monitored at weekly

awc being maintained between 50 and 70% (wet weight basis). The

awc of the compost in all vessels remained near 70%, however, in some cases the lids
were not fitted properly after mixing, and the awc dropped to below 50% over a period
of one day. This was quickly rectified by thoroughly mixing a calculated volume of water
to re-adjust the

awc to the pre-drying level.

pH was determined with a pH electrode

(Orion Research, USA) in a 1:10 PMS (wet weight):distilled water slurry and awc by
oven drying at 105°C overnight from a 1.5 g (wet weight) sample from each vessel.
The C02 and 02 concentration in the head space in each vessel was determined by gas
chromatography-mass spectrometry. For this a 10 cm 3 volume of gas was removed from
the head space via the gas port with a syringe prior to aeration. Each gas sample was
immediately injected into a 12 cm 3 butyl_rubber capped tube (Vacutainer®, Beckton
Dickenson, USA) to displace the brine solution (20% sodium chloride and 0.5% sodium
citrate) via a double ended needle. Tubes were inverted in storage so the brine would seal
the insertion hole made during injection. Batches of samples were analysed for C02 and
02 after a maximum of four weeks storage. A 10 111 splitless injection of stored gas was
made into the capillary inlet of a Hewlett Packard 5890A gas chromatograph coupled with
a Hewlett Packard 5970 mass selective detector (MSD). Samples were injected in split
mode at 30°C on to a 25 m x 0.32 mm i.d. Chrompak methyl silicone capillary column
with a 5 11m film, a head pressure of 69 kPa and a split ratio of 30: I. The electron impact
mass spectra were acquired and processed by Hewlett Packard Chemstation Software.
Typical MSD operating conditions were: electron multiplier 1000 V, transfer line 200°C,
electron impact energy of 70 eV, 4 scans secl and rnIz 10-50.
Ammonia volatilised into the gaseous phase was absorbed in an acid trap containing
10 mL of 2 M H2S04 in a 50 mL glass beaker placed on the surface of the material in
each vessel. Trapped NH3 was quantified once per week by back titration with a
standardised NaOH solution. The acid trap was replenished with new acid following
titration. The C:N ratio of the mix was determined with a Carlo Erba CHNS-O elemental
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analyser at the Central Science Laboratory, University of Tasmania, with analyses being
performed prior to and following composting.
The weight of wet material taken from each vessel and the weight of the entire vessel
and contents were recorded after aeration in order to determine the wet weight of material
remaining in each vessel. Theweight loss due to C02 evolution, 02 remaining in the
head space and NH3 volatilisation into the gaseous phase were quantified and expressed
as mg g-t DW of material remaining, in order to account for mass loss incurred during
sampling. For the calculation of the C02 evolution rate and 02 remaining in the head
space it was necessary to determine the volume of gas present in the vessel at each
sampling. Since it was not possible to take this measurement during the experiment, it
was assumed that the volume of gas in each vessel was 80% (determined prior to
composting) over the duration of the experiments.
3.3.5 Statistical analysis
. The SAS® PROC-GLM analysis of variance (SAS Institute, USA) statistical program
was used to examine treatment effects. The statistical results generated from SAS® were
computed from data collected over a 121 day period of composting. Since the 55°C-FNA
treatments were terminated at 121 days, data analysed by SAS® could only be analysed
up to this point, although the remaining three factorial treatments were incomplete and
continued until 169 days. Analysis of va~iance (Systat® 5.2.1, USA) for cumulative dry
weight loss as C02, -cumuhiiive nitrogen~ foss as NIh illld -finar C:N ratios were
computed to compare the factorial treatments after composting.
3.4

Results and Discussion

3.4. 1 Laboratory-scale reactor
A sealed vessel without constant aeration was chosen to simulate the environment in
the centre of a periodically-turned windrow for two reasons. Given that freshly
dewatered PMS normally has a GWC of 70 to 75%, gas diffusion into the centre of the
pile would be minimal, due to the high proportion of water to. air filled voids which
impede gas transfer (Evans, 1965; Baver et al., 1972). Secondly, following turning,
available oxygen for microbial respiration was likely to be ljrnited to macro voids present
between cakes of PMS. Therefore gas diffusion under the influence of a thermal and
partial pressure gradient in a large-scale windrow pile was assumed to be minimal, not
changing significantly with different pile shapes. The restriction of gas uptake in the
proposed laboratory-scale reactor was viewed as a reasonable simulation of the
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environment likely to be present in a periodically-turned large-scale windrow. Although
anaerobic conditions would be ex pected to form in this type of composting reactor, it was
believed that it would better represent actual field conditions than other reactors reported
in the literature which maintain highly aerobic conditions during composting (e.g. Walker
and Harrison, 1960; Nell and Wiechers, 1978; Ashbolt and Line, 1982; Sikora et al.,
1983). A limitation of this composting vessel was that the quantity of C02 produced and
02 consumed per weight of material present could not be accurately determined through
sampling of the head space. Although the concentration of C02 and 02 in the gaseous
phase was quantified, calculation of the amount of C02 consumed and 02 evolved per
unit mass of material remaining could only be achieved by assuming a constant volume of
air space. The results obtained, therefore, cannot be used to compare the efficiency of
PMS composting to other laboratory-scale vessels. However, comparisons of the
efficiency of PMS composting in this study can be considered valid as the same
assumptions relating to the volume of air space were used in all calculations.
3.4.2 Chemical changes during composting
Following nutrient addition the pH of PMS increased rapidly, due to the alkaline
reaction of urea (source of nitrogen) (Figure 3.1), peaking between pH 8 and 9 in all
treatments. Urea increased the pH of the PMS due to a two step reaction: urea hydrolyses
(in the presence of water) into NH3 and carbon dioxide through the action of extracellular
microbial urease enzymes (Bremner and Mulvaney, 1978; Ladd, 1985). Ammonia can
. then react with water to form NH4+ and in doing so form -hydroxyl ions (Ofi-) which
results in a pH rise. The pH was found to be sustained above 8 for an extended period of
time relative to other treatments (P<0.05) when composting was undertaken at 35°C and
when mineral nutrients were added incrementally (Table 3.1). Incremental nutrient
additions may have resulted in a higher pH for an extended period of time relative to the
full nutrient addition treatment due to the continued alkaline reaction of urea. The reason
for the slightly slower rise in pH under thermophilic conditions (relative to mesophilic
conditions) may have been due to greater incorporation of NH3 into microbial biomass,
thereby reducing the amount of hydroxyl ions formed following reaction of NH3 with
water. This hypothesis is plausible since microbial activity and thus nitrogen assimilation
rates increase logarithmically with temperature (between 20 and 60°C) (Jeris and Regan,
1973). In the present study a faster rate of NH3 incorporation into biomass under
thermophilic conditions (relative to mesophilic conditions) may also explain the slightly
faster drop in pH towards the end of the composting process in both method of nutrient
addition treatments.
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Figure 3.1 Changes in pH during composting of PMS over a 169 day period under
different temperature and method of nutrient addition treatment combinations. FNA =
nutrients added on day 1. INA = incremental nutrient addition on day 1, 29, 50 and 71.
Bars indicate standard error of four replicate runs.
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Figure 3.2 Changes in the NH3 evolution rate during composting of PMS over a 169
day period under different temperature and method of nutrient addition treatment
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The method of nutrient addition had a significant effect on the rate of NH3
volatilisation (P<0.05) whereas the incubation temperature did not (P>0.05) (Figure 3.2
and Table 3.1), due to the effect of the former on pH. The pattern of NH3 volatilisation
followed a similar trend with pH; as the pH increased above 7.5, rapid NH3 volatilisation
occurred in all treatments and when pH reduced to less than 7.5, NH3 volatilisation
ceased. Koster (1986) similarly reported that the NH3 and NH4+ ion equilibrium is
strongly affected by pH; at pH 7 and lower the NH4+ ion is almost exclusively present,
whereas at pH 9 and above free NH3 predominates. Loss of nitrogen during composting
through volatilisation of NH3 is a common occurrence, and nitrogen losses are usually
exacerbated in the event of high aeration (Ashbolt and Line, 1982), high NH4+
concentration and high pH (Ashbolt and Line, 1982; Sikora and Sowers, 1985; Martins
and Dewes, 1992; Bernal et al., 1993; Mahimairaja et al., 1995). The period of NH3
volatilisation was sustained for longer in the INA treatments, due to the continued effect
of urea on pH as mentioned previously.
\

Table 3.1 PROC GLM analysis of variance for chemical changes monitored during
cornposting under the influence of different temperature and method of nutrient addition
treatments for data collected up to 121 days.

F-Value

Source of Variation

pH

COz

LCO z

Residual

NH3

L N H3

evolution

evolved

[Ozl

evolution

evolved

rate

rate

Temperature

89.57"

28.18"

75.31"

161:57**

2.31 "S

3.90"S

MNAa

61:51 **

0.50"5

O.07"S

3.11"5

18.84**

8.29'

0.08"S

5.06'

1:76"S

4.86'

0.01 "S

0.36"S

383.39**

359.09**

15451**

342.29**

79.73**

49.70**

Temperature x MNA a

Time

"S Not

significant; "

** Significant at the 0.05 and 0.01

probability levels. respectively; a Method of

nutrient addition.

In vessels subject to the incremental nutrient addition treatment under mesophilic
conditions, a brief sharp rise in pH from -5.3 to -.6.8 occurred after the first nutrient
..addition (Figure 3.1d). The observed peak in pH coincided with an equally briefperiod .
of rapid NH3 volatilisation (Figure 3.2d). Interestingly, this brief peak in pH arid NH3
volatilisation occurred only under mesophilic conditions, but not under thermophilic
conditions (Figures 3.1b and 3.2b). A possible explanation for the pH increase is that
following the first nutrient addition, the C:N ratio would have been high (-170: I) since
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only 25% of the total nitrogen requirement had been added at that stage. Under these low
nitrogen conditions microbial activity would have been sub-optimal, possibly resulting in
poor incorporation of NH3 into microbial biomass. Greater microbial activity under the
higher temperature treatment, however, would have resulted in more effective NH3
incorporationinto biomass, thus preventing a similar accumulation of NH3.
The cumulative loss of NH3 during composting is shown in Figure 3.3. Again, the
method of nutrient addition had a significant effect (P<0.05) whereas temperature did not,
have an effect (P>0.05) (Table 3.1) on cumulative NH3 loss for data analysed up to 121
days. Significantly more NH3 was volatilised in the INA treatment relative to the FNA
treatments (P<0.05; Table 3.1 and Figure 3.3), suggesting that incremental addition of
urea resulted in elevated pH for an extended time period, leading to an extended NH3
volatilisation period. At the completion of composting, 54 to 62% of the total nitrogen
added was lost in the INA treatments as NH3, whereas approximately 41 % of the total
nitrogen was volatilised in the FNA treatments as NH3 (Figure 3.3). Thus, addition of
urea prior to composting resulted in better nitrogen incorporation into biomass compared
with incremental addition. Other workers have similarly reported that NH3 volatilisation
can markedly reduce the size of the nitrogen pool, by as much as 50% during sewage
composting with straw (Witter and Lopez-Real, 1988). Since the quantity of nitrogen
evolved as NH3 in all treatments in this study was very high, and given the importance of
pH on the NH3 volatilisation process, evidence suggested that management of pH is
needed to conserve the nitrogen pool. Replacement of some of the urea requirement with

it non-alkali forming"nitrogen source; such' asammonium sulfate-or ammonium nitrate
may be necessary. Use of urea during PMS composting, however, would still be
required to raise the pH of the PMS from -4-5 prior to composting to the near neutral
range which is needed for optimum microbial activity (Jeris and Regan, 1973; Alexander,
1977).
Although results presented here suggested that temperature had no effect on the
cumulative amount of nitrogen volatilised during PMS cornposting, incorporation of
volatile NH3 into stable organic forms resistant to ammonification through reaction with
various organic compounds (e.g. sugars, carboxyls, carbonyls, enolic, phenolic and
other unsaturated compounds) has been shown to occur more readily under high
temperature conditions (Mortland and Wolcott, 1965; Miller, 1993). The reaction of NH3
with organic matter during composting proceeds vigorously between pH 8_and 9, but
slowly or insignificantly below pH 7 (Nommik, 1965; Miller, 1993), possibly due to the
low concentration of volatile NH3 at this pH. Conversion of NH3 into forms resistant to
further ammonification should be considered critical for most uses of compost since free
NH3 is toxic to plants (Zucconi et al., 1981), Better incorporation of NH3 released from
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urea may, therefore, be achieved if a pH ceiling of less than 7.5 is established during
composting of PMS.

Figure 3,3 Changes in cumulative NH3 evolved and percentage of total nitrogen
evolved during composting of PMS over a 169 day period under different temperature
and method of nutrient addition treatment combinations. FNA =nutrients added on day I.
INA = incremental nutrient addition on day I, 29, 50 and 71. Bars indicate standard error
of four replicate runs. Note that most standard error bars are too small to be visible. DW
refers to dry weight remaining after sampling.
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During composting of many organic wastes rich in nitrogenous compounds (e.g.
sewage sludge and manure), loss of nitrogen through volatilisation is usually considered
unimportant, possibly because the final product retains a low C:N ratio similar to the
initial substrate (e.g. Wiley and Spillane, 1961; Parr et al., 1978; Raviv et al., 1987;
Martins and Dewes, 1992). In these cases the C:N ratio did not change markedly because
the rate of carbon loss through mineralisation proceeded at a similar rate to the rate of
nitrogen loss through volatilisation. In the present case, however, volatilisation of the
mineral nitrogen pool added to the PMS during composting is an economic loss to the
system, and unless the rate of loss of the carbon pool (through mineralisation) proceeds at
a similar rate to nitrogen volatilisation, the C:N ratio of the PMS will steadily increase,
resulting in a final product with a reduced agricultural or horticultural value. Since the
PMS composted in this study consisted primarily of cellulose (Chapter 2), which is a
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poor sole growth substrate for microorganisms (Alexander, 1977), the rate of carbon
mineralisation would be expected to be less than the rate of nitrogen loss if pH is not
controlled, suggesting that control of pH is crucial to prevent a widening in the C:N ratio,
The temperature of composting had a significant effect on the C02 evolution rate and
02 concentration in the head space (P<O,05), whereas no effect (P>O.05) was noted for
the method of nutrient addition over a 121 day period (Figure 3.4 and Table 3.1). Carbon
dioxide in the head space increased to a maximum concentration after 2 days with a
concomitant reduction in 02 concentration to less than I % in all treatments. The addition
of mineral nutrients in an incremental manner (INA) failed to stimulate further C02
production, suggesting that a temporary deficit in N, P and K did not affect the
respiratory activities of microorganisms. This contrasts with the report by Ashbolt and
Line, (1982) of greater respirometric activity at lower C:N ratios in bark compost with
organic nitrogen amendments.

Figure 3.4 Changes in C02 evolution rate (c) and 02 concentration (0) during
composting of PMS over a 169 day period under different temperature and method of
nutrient addition treatment combinations -. FNA

= nutrients

added on day I. INA

=

incremental nutrient addition on day I, 29, 50 and 71. Bars indicate standard error of four
replicate runs. DW refers to dry weight remaining after sampling.
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Composting at 35°C resulted in a significantly slower rate of C02 formation and an
extended period of 02 consumption when compared to treatments at 55°C. Shulze (1962)
and Jeris and Regan (1973) have similarly reported that the rate of 02 consumption is
positi vely correlated with temperature. Oxygen was found to be rapidly consumed and
was at limiting levels « 1%) soon after aeration (twice per week) for at least 70 days in
all treatments. Based on this result, the rate of 02 replenishment may-be a rate limiting
step in the composting of PMS in large-scale periodically-turned windrows. Since C02
production continued for between -90 and 130 days (-13-19 weeks), evidence suggested
that the PMS was degraded very slowly by microorganisms.
Dry weight loss due to C02 evolution amounted to between 9.3 and 10.3% of total
initial dry weight after composting (Figure 3.5). Dry weight loss during composting
occurred at a significantly faster rate at 55°C than at 35°C (P<0.05) (Table 3.1) for data
analysed up to 121 days. Similar findings have been reported by Waksman et al., (1939),
Suler and Finstein, (1977) and MacGregor et al., (1981). The method of nutrient addition
did not have a significant effect (P>0.05) on dry weight loss (Table 3.1), suggesting that
temperature was most closely linked with the respiratory activity of microorganisms
during composting. Therefore, construction of windrows of sufficient" size to achieve
thermophilic conditions in the field would be required to maximise the decomposition of _
PMS.
Although it has been mentioned previously that the concentration of phosphorus in
most organic materials is sufficient for microbial degradation to occur (Ruschmeyer and
Schmidt, 1958), a deficiency in phosphorus may have been partly responsible for the
slow rate of degradation of PMS in the laboratory-scale reactors described. Partially
acidulated phosphate rock (PAPR) was added as a source of phosphorus to the PMS at a
C:P ratio of 50; I and was calculated on the total phosphorus content (11.9%) and not the
phosphorus available for microbial uptake (4.3%). The actual adjusted C:P ratio would
therefore be -138:1 (FNA treatment). The finding that addition of N, P and K
incrementally during the process did not significantly affect the respiratory activities of the
microbiota or rate of decomposition when compared to the FNA treatment (Table 3.1)
suggested that the low concentration of phosphorus was not likely to be responsible for
the overall slow rate of PMS composting. Furthermore, as the concentration of soluble
phosphorus in PAPR is low, loss of phosphorus through leaching in large-scale
windrows would be very low. Thus, addition of the full phosphorus requirement (as
PAPR) prior to large-scale composting could be done without risk of losing phosphorus
to the leachate. Addition of the potassium amendment could also be done prior to.
composting since only a small quantity of the nutrient would be required in large-scale
windrows.
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Figure 3.5 Changes in cumulative C02 evolved and dry weight loss as C02 during
composting of PMS over a 169 day period under different temperature and method of
nutrient addition treatment combinations. FNA

= nutrients

added on day I. INA

=

incremental nutrient addition on day 1,29,50 and 71. Bars indicate standard error of four
replicate runs. Note that most standard error bars are too small to be visible. DW refers to
dry weight remaining after sampling.
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. Final C:N ratios in all treatments were proportional to the quantities of NH3 volatilised
during composting. The final C:N ratio of INA treatments (47:1 to 54:1) were
significantly higher than FNA treatments (35:1) (P<0.05; Table AU, Appendix 1). The
method of nutrient addition and temperature both were significantly correlated with final
C:N ratios (P<0.05; Table A1.2, Appendix I). Temperature had a significant effect on the
final C:N ratio due to the greater loss of carbon under the 55°C treatments. Although the
C:N ratio decreased from 218:1 in the raw material to between 35:1 and 54:1 with
nitrogen supplementation, the final C:N ratio in all treatments was still high for mature
compost, indicating potential for nitrogen immobilisation following application to soil.
The slow rate of mineralisation of the carbon pool, and relatively rapid rate of
volatilisation of the nitrogen pool in all treatments suggested that pH management is
required to produce a final compost with a lower C:N ratio than reported here.
In all chemical assays monitored, the effect of time on the changes in pH, C02
evolution rate, 02
concentration remaining in the head space, dry weight loss as C02, .
.
NH3 evolution rate and cumulative NH3 evolved was significant (P<0.05) (Table 3.1).
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Thus the chemical state of the compost was dynamic, being influenced at any point in
time by the temperature and nutrient status.
3.5. Conclusions
Temperature alone had a marked influence on respiratory activities and rate of PMS
decomposition during composting. Composting occurred at a faster rate at 55°C than at
35°C, although under all treatments composting proceeded slowly in the laboratory-scale
reactors designed to simulate PMS composting in large-scale, periodically-turned
windrows. The slow rate of PMS decomposition was due to oxygen limitations imposed
by the laboratory-scale reactor and to the high cellulose content present in PMS, as the
latter is poorly degraded by microorganisms. The method of nutrient addition had no
effect on respiratory activities of the compost rnicrobiota or rate of decomposition, but
had a major influence on pH which determined the intensity and period of ammonia
volatilisation. Addition of nutrients in an incremental manner during compo sting was
found to have no benefit without management of pH in terms of nitrogen conservation in
the enclosed laboratory-scale vessel used. The method of nutrient addition may not have
promoted ammonia volatilisation if a pH ceiling of less than 7.5 was established. This
may be achieved by substituting some of the urea requirement with a non-alkali forming
nitrogen source, such as ammonium sulfate or ammonium nitrate. Given the potential for
leaching of nutrients in excess of immediate requirements in large-scale windrows,
incremental nutrient addition with pH management should result in a finished compost

-

-

-

with a lower C:N ratio and a higher agricultural value than reponed here.

.
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Chapter 4
Windrow composting of pulp and paper mill sludge - process
performance, assessment of product quality and economics
relative to landfilling
4.1

Abstract

The performance of large-scale windrow composting of PMS was assessed, based on
optimal conditions provided in the laboratory-scale composting experiments (Chapter 3).
PMS was composted with mineral nutrients at an initial C:N:P:K ratio of35:1:0.6:0.1 in
three windrows of 25 m in length, 3 m in width and 2 m in height with weekly turning
for 21 weeks, following which the trial was terminated. The temperature at the pile centre
remained above 50°C for the duration of the trial, with pile pH peaking at 7.46 after 11
weeks. pH management through partial substitution of urea with ammonium sulfate and
ammonium nitrate nitrogen sources prevented a pH rise in excess of 7.5, and resulted in
more effective nitrogen immobilisation in the PMS than that achieved in the laboratoryscale composting experiments. At the completion of composting, phytotoxicity was
absent and the pile volume had decreased by 45%, largely due to a 31.6% increase in
bulk density, a 14.5% loss in carbon and a decrease in gravimetric water content (from
71.4% to 63.7%). The slow rate of PMS decomposition was partly due to the formation
of predominantly anaerobic conditions within the windrows. The high level of total
aluminium in the PMS compost may require substitution of the aluminium sulfate
flocculant used in primary clarification and sludge dewatering with a non-aluminium
based flocculant (e.g. Fe2[S0413, FeCI3. MgO or Mg[OH12) to reduce the potential for
aluminium toxicity in plants in low-pH soils.
The C:N ratio of the compost was reduced from 218: I prior to mineral nutrient
addition to 23: I after composting with a concomitant rise in electrical conductivity from
0.59 dS rrr l to 2.78 dS rrr l, possibly making the material unsuitable for direct contact
with plants sensitive to moderately saline conditions. The electrical conductivity could be
reduced to less than 2 dS mol by using ammonium sulfate instead of ammonium nitrate as
a partial source of nitrogen, thereby improving the quality of the composted PMS.
The cost of composting PMS in periodically-turned windrows over a 21 week period
with all costs considered (including infrastructural costs) was estimated to be AU$9.26
m· 3 (initial volume) compared to AU$4.47 m-3 for landfilling. If the compost could be
sold to local municipalities, domestic users and/or within the company, to stimulate the
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growth of their plantation forests, for at least AU$8.70 m-3, composting could be an
economically viable and an environmentally acceptable alternative to landfilling.
4.2

Introduction

ANM produces approximately 50000 tonnes (wet weight) (-99 000 m3) of PMS per
year, all of which is currently landfilled (1996 estimate; Chapter 2). The present landfill is
nearing full capacity and several million dollars will be required to construct a new landfill
complying with statutory guidelines. Conversion of this by-product into an agricultural or
horticultural amendment through composting may, therefore, eliminate the need for
landfilling. Several laboratory, pilot and field scale feasibility studies of PMS composting
have been conducted since the 1970's (Wysong, 1976; Mick et aI., 1982; Valente et al.,
1987; Campbell et aI., 1991,1995; Line, 1995; Tripepi et aI., 1996; Sesay et aI., 1997).
However, few workers have been successful in producing a material satisfactory for use
in horticulture or agriculture. A problem with many PMSs has been contamination with
excessive loadings of inorganic elements, arising from chemically-based delignification
and bleaching processes and possibly due to boiler or furnace ash incorporation with the
effluent stream (Chapter 2). PMS contamination with absorbable organo-halogen (AOX)
chemicals is also problematic, since these organic complexes are highly toxic to fauna and
flora (Walden and Howard, 1981). AOX chemicals are present in the solid and liquid
effluent of pulp and paper mills that use elemental chlorine or chlorine dioxide bleaching
processes (Gullichsen, 1991), these mills account for more than 90% of the total world
.

-

pulp production (Allison, 1995). Degradation of such substances in PMS during
composting has not yet been demonstrated. PMSs with a high concentration of inorganic
elements have a high electrical conductivity, often making the material unsuitable for the
growth of plants. ANM, however, uses totally chlorine-free bleaching processes and
inorganic waste products from boilers or furnaces are not added to the effluent stream
(Chapter 2).
If a composting operation is to be incorporated into a company's solid waste treatment
facility, selection of a composting system should be based upon the type of material
processed, the level of performance required and cost. A number of large-scale systems
have been developed for the composting of various organic materials, and the relative
advantages and disadvantages of each system have been published (De Bertoldi et aI.,
1982, 1985, 1988; International Environmental Technology Centre,1996). Each system
can be separated on the basis of the level of technology involved, the amount of process
control achievable, and cost. The simplest and least expensi ve large-scale system is
windrow composting (International Environmental Technology Centre, 1996). Piles are
formed into windrows of sufficient size to retain heat generated from the microbial
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decomposition of the organic substrate (Miller, 1993). Windrows are regularly turned to
assist in aeration (Wiley and Spillane, 1961), to ensure nutrient and substrate contact, to
alleviate compaction experienced during the static phase and to remove metabolic heat,
thereby assisting in temperature control (De Bertoldi et al., 1982; Miller, 1993). The
avenues for controlling the composting process in this system are few (Strom et aI.,
1980). Generally, if pile temperature becomes inhibitory for the growth of
microorganisms (>60°C), the temperature may be reduced by more frequent turnings,
thereby encouraging heat loss through water evaporation. Alternatively, temperature may
be moderated by changing the shape of the pile. If the pile width is increased and height
reduced, the surface area relative to volume is increased, favouring greater heat loss
through conduction and convection, resulting in a reduction in temperature (Strom et aI.,
1980). Better air penetration into the windrow also occurs under these conditions, leading
to a higher level of oxygenation. Although some control over temperature and oxygen
content can be achieved by mechanical turning of windrows, anaerobic conditions (due to
rapid oxygen consumption and limited resupply) and excessively high temperatures still
occur, leading to the formation of malodours and a decreased decomposition rate (De
Bertoldi et al., 1982, 1988; International Environmental Technology Centre, 1996). The
advantages of windrow composting with periodic turning includes low capital costs, low
to moderate operating costs, no requirement for specialised equipment and only limited.
site infrastructural needs. The disadvantages include a relatively high requirement for
land, a large buffer zone to avoid problems of malodours, and poor pathogen destruction
(relative to other composting systems) because thermophilic temperatures are not achieved
in the outer layer (Parr et aI., 1978; De Bertoldi et aI., 1982; International Environmental
Technology Centre, 1996).
Another large-scale system of composting widely used is static windrows. with air
being forced through the pile either by suction and/or blowing with varying feedback
control mechanisms. These systems permit better control of factors governing microbial
activity such as temperature, oxygen and water content, this being achieved by changes to
the air flow rate through the composting matrix (De Bertoldi et aI., 1985). Since these
factors can be controlled to obtain maximum microbial activity, the rate of substrate
decomposition in these systems is much more rapid relative to periodically-turned
windrows (De Bertoldi et al., 1982). The Beltsville method was the first static pile
composting system developed. It utilises negative aeration generated by electric or
gasoline-powered fans installed at the base to draw air through the surface of the pile
(Parr et al., 1978). Large temperature gradients, however, usually form in piles with
continuous suction, necessitating the use of intermittent suction to ensure. uniform
temperature distribution (Parr et al., 1978). Air withdrawn from the pile may then be
passed through a biofilter to immobilise odorous substances (Parr et al., 1978). A major
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disadvantage with this system is the consolidation of material in the lower section of the
pile, thereby blocking air flow, leading to poor temperature control and a slowing in the
decomposition rate (De Bertoldi et aI., 1982; Stentiford et aI., 1985). Compaction at the
base of the pile may be partially remedied by using a bulking agent (e.g. woodchips, bark
or straw) to improve porosity and structural stability (Epstein et aI., 1976; Stentiford et
01., 1985).

The Rutgers composting system was developed to overcome the problems associated
with negative pressure aeration. This method utilises positive pressure aeration with air
blown through the composting matrix via perforated pipes at the base of the pile and
temperature feedback control (Finstein, 1980). Piles are ventilated continuously beyond a
pre-set maximum temperature (e.g. 55°C) with aeration at all other times being undertaken
at pre-set time-intervals (De Bertoldi et aI., 1982). Better temperature control was
achieved in this system, resulting in a relatively faster rate of decomposition compared to
the Beltsville system (Stentiford et 01., 1985; De Bertoldi et 01., 1988). A major problem
with this system is excessive drying which occurs in the lower section of the pile, and the
high energy requirement to drive the aeration fans compared to the Beltsville negative
aeration system (De Bertoldi et 01., '1988).
More recently, the oxygen concentration within the composting mass has been used as
an alternative feedback control mechanism in positively aerated static piles (De Bertoldi et
aI., 1988). As oxygen consumption and heat evolution are strongly correlated (Cooney et
--

-

-

.

~

-

01., 1968), control of oxygen content within a specified range also permits control of

temperature. These authors reported that when the oxygen concentration in the
composting mass was between 15 and 20%, good temperature control reduced the
tendency for excessive drying and rapid decomposition was achieved relative to the
Rutgers system. However, as microbial communities are much more sensitive to
temperature than to 02, Miller (1993) suggested that the regulation of temperature is more
advantageous from a theoretical view point. The main advantages of the static pile system
over periodically-turned windrows is the relatively smaller land requirement,
minimisation of malodour emissions through the maintenance of aerobic conditions, and
rapid decomposition rates. The main disadvantage with the static pile system is the
relatively large capital costs involved in the installation of concrete pads (if used) and
purchase of pipes, air blowing systems, computer equipment and electronic feedback
control devices (e.g. temperature probes and gas chromatographs for 02 sensing)
(International Environmental Technology Centre, 1996). This system of composting is
more frequently used for sludge composting than for composting of biowaste or yard
waste (International Environmental Technology Centre, 1'996). This is because forced
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aeration is much more effective in maintaining aerobic conditions in materials with poor
structure or with a high gravimetric water content (e.g. PMS) (Parr et al.. 1978).
In-vessel systems represent a high technological approach to composting and are
primarily used in instances where land is unavailable, where weather conditions do not
permit the use of outdoor composting systems or the organic material being composted is
malodorous and/or hazardous. They are also being increasingly used for "institutional
composting" in urban areas as well. This system involves the use of a containerised
chamber in which mechanical mixing and/or forced aeration is performed. This ensures
control of water content, air and temperature, creating optimal conditions for composting
(International Environmental Technology Centre, 1996). The advantages of in-vessel
systems are protection from weather conditions, better odour control and shorter
processing periods relative to the other methods. The main disadvantages are the large
capital and operational costs (International Environmental Technology Centre, 1996).
In this study the PMS was composted in windrows which were periodically-turned.
More complex systems of composting, such as positively aerated static piles may be more
suitable for this' material due to its high gravimetric water content. Excessively high
gravimetric water content reduces air filled porosity, gas movement and leads to the
formation of anaerobic conditions and a slowing in the decomposition rate (Evans, 1965;
Baver et aI., 1972; De Bertoldi et aI., 1982). However, the periodically-turned windrow
system of composting allows regular mixing, thus ensuring even mineral nutrient
distribution through the PMS. Furthermore, if PMS composting was to be implemented
at ANM, the cost of the operation should be comparable to landfilling. Given that the cost
of PMS landfilling at ANM is relatively low, a demonstration of the lowest cost
composting system was necessary.
Previous laboratory-scale PMS composting studies suggested that pH management
was necessary to reduce the loss of nitrogen through NH3 volatilisation, thereby
increasing the agricultural value of the final material (Chapter 3). Results suggested that
pH management, better nitrogen immobilisation and a reduction in the potential for
leaching of soluble nitrogen could be achieved by controlling the form of mineral nitrogen
added incrementally during the process. This could be achieved through partial
substitution of the urea nitrogen requirement with non-alkali forming nitrogen sources
such as ammonium sulfate and ammonium nitrate. As the source of phosphorus used to
supplement the PMS was only partially soluble (partially acidulated phosphate rock,
PAPR), it was suggested that the addition of this mineral nutrient prior to composting
(rather than incrementally) would not result in the excessive loss of phosphorus if
leaching occurred in large-scale windrows. The addition of potassium (muriate of potash,
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KCl) prior to composting with the phosphorus amendment was also considered to be
appropriate as the quantity of this nutrient required for large-scale windrows was small.
This chapter describes an approach to composting PMS with mineral nutrients, as well as
the performance of the composting process, quality of the PMS compost and economics
of composting relative to landfilling.

4.3

Materials and Methods

4.3.1 Chemical and physical analysis of PMS before and after composting
The PMS used for composting was taken from the effluent treatment plant when the
mill was operating under normal conditions. A I kg composite sample of PMS compost
was obtained from each windrow before nutrient addition and every week after turning
(for 21 successive weeks) by removing -250 g of material from -20 cm below the peak
of each windrow in four different locations; The four sub-samples obtained from a
specific windrow were thoroughly mixed to provide a representative sample of compost.
Total C, N, and S were quantified with a Carlo Erba CHNS-O elemental analyser at the
Central Science Laboratory, University of Tasmania. Total P, K, Ca, Mg, Na, CI (water
soluble), Fe, AI, Zn, Mn, B, Cd, Cr, Cu, Ni and Pb were determined by inductively
coupled plasma optical emission spectroscopy following digestion in hot nitric acid by
Australian Government Analytical Laboratories, South Melbourne, Victoria (Method
VL239). Phosphate-P was determined by the vanado-molybdate method (Hesse, 1972),
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ammonium-N and nitrate-N by Kjeldahl distillation (Ministry of Agriculture, Fisheries
and Food, 1986). Electrical conductivity was determined with a conductivity meter
(Konduktometer E527, Switzerland) in a 1:5 PMS:distilied water slurry (Hesse, 1972);
pH with a pH electrode(Orion Research, USA) in a I:!O PMS:distilied water slurry;
gravimetric

w~ter

content by oven drying at !05°C for 12 hours and ash by combustion at

500°C in a muffle furnace (Ministry of Agriculture, Fisheries and Food, 1986). Bulk
density was determined by packing a graduated 2 L cylinder evenly with a representative
sample of compost, then dropping it from a height of 0.05 m five times followed by
weighing. Where necessary, analytical results were corrected to dry weight by oven
drying.
4.3.2 Windrow construction and nutrient supplementation
Three 75 m3 PMS windrows (25 m in length, 2 m in height and 3 m in width) were
constructed with a front-end loader. The windrows were supplemented with mineral
nitrogen, phosphorus and potassium to obtain an initial C:N:P:K ratio of 35:1:0.6:0.1
(w/w, dry weight). A higher
. initial C:N ratio than that used
. in the laboratory-scale
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composting work was chosen to reduce the potential for nitrogen loss occurring through
the volatilisation of ammonia. The quantity of mineral nutrient supplements required to
obtain an initial C:N:P:K ratio of 35:1:0.6:0.1 was determined by calculating the total
weight of dry matter, and thus carbon within each windrow (from bulk density,
gravimetric water content and percentage carbon data). Urea, ammonium sulfate and
ammonium nitrate.were used as sources of nitrogen, partially acidulated phosphate rock
(PAPR) as a source of phosphorus, and muriate of potash as a source of potassium. The
total quantity of phosphorus as PAPR (13% P) (773 kg per pile) and potassium as KCI
(50% K) (37 kg per pile) required was added at day I, whereas the total quantity of
nitrogen was added in 25% increments in weeks 0, 3, 6 and 9. The nitrogen amendment
on day 1 consisted of 72 kg urea (46% N) (per pile) and the second, third, and fourth
nitrogen amendments consisted of a I: I (kg N/kg N) blend of urea and ammonium sulfate
(21% N). During week 17 an additional 150 kg of ammonium nitrate (34.5% N) was
added per pile to counter an under-estimation of the total C present. A 10 L inoculum of
fish-waste and bark compost was mixed into each pile on day 1 to act as a microbial
inoculant. Addition of mineral nutrients and mixing was achieved with a front-end loader.
4.3.3 Control and monitoring of composting conditions
Windrows were aerated by turning with a front-end loader once per week for 21
weeks, and piles were reformed after turning to be approximately 3 m in width and 2 m in
height. Chemical
and
physical analyses were performed on all three composite
windrow
.
.
.
samples as described previously. The gravimetric water content and pH of al1 three piles
was determined weekly from a I kg sample as described above. Temperature readings in
the centre of each pile were taken manually prior to weekly turnings. AI1 data reported
represent the mean of three replicate windrows.
Phytotoxicity of compost was assessed by using a modification of the seed
germination inhibition test described by Keeling et al., (1994). Compost (20 g, wet
weight) was extracted in 200 mL of distilled water for 1 hour at 25°C at 100 rev min- t,
then filtered through a Whatman No.1 filter. A 3 mL aliquot of extract was pipetted on to
a filter paper (Whatrnan No.1) in a Petri dish (8.5 ern i.d.) with 15 Lepidium sativum
seeds evenly positioned. Extracts were not centrifuged or filtered through a Sephadex
filtration column as suggested by Keeling et aI., (1994). Plates were incubated at 25°C for
48 hours in the dark, then radicals were individually measured with a micrometer. The
cumulative amount of radical growth on each plate was then determined by summing the
length of the radicals produced by all 15 seeds. Phytotoxicity of compost (inhibition
index) was expressed as a percentage inhibition of cumulative radical growth relative to
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control plates which were prepared as before except distilled water (3 mL aliquot) was
used instead of the compost extract.
4.3.4 Statistical analysis of data
Linear regression analyses were performed with Statview® 4.01 (Abacus Concepts
Inc., California, USA).

4.4

Results and Discussion

4.4. 1 Performance of the composting process
Following addition of nutrient amendments on day I, mean windrow temperature (at
the centre) rose from 15°C to 52°C within 2 days (Figure 4.1). The windrow temperature
remained within the thermophilic range for more than 21 weeks, peaking at

noc at 10

weeks following the fourth nutrient addition during week 9. Considerable odour was
detected during turning between weeks I and 9. However, the odour quickly dissipated
and was undetectable when the windrows were" reformed. The interior of the piles
appeared to be anaerobic soon after turning, indicating that the rate of oxygen diffusion
into the piles was far less than that required to maintain aerobic conditions. Anaerobic
fermentation within the windrows may have been the main form of microbial metabolism
More than 21- weeks passed before
during .the extended thermophilic
stage- of composting.
-
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-

~

the windrow temperature returned to the mesophilic range. Plate 4.1 shows the trial after
5 weeks composting.
The strategy used to establish a pH ceiling of less than 7.5 during PMS composting as
previously suggested was successful, since the mean windrow pH peaked at 7.46 (Figure
4.1). Prior work in laboratory-scale reactors determined that without management of pH
during PMS composting, more than 50% of the total nitrogen pool could be lost by
volatilisation ofNH3 under thermophilic conditions (Chapter 3). Ammonia volatilisation
was found to be excessive under thermophilic conditions when pH exceeded 7.5 (Chapter
3). Although it was found that use of urea as a sole nitrogen source for PMS composting
was responsible for the large pH increase, its use was still necessary in the first nutrient
addition on day I and in part thereof in subsequent nutrient additions to raise the pH of
the PMS to the near neutral range required for optimum microbial activity (Jeris and
Regan, 1973; Alexander, 1977). Evidence for the absence of NH3 volatilisation during
PMS composting was also confirmed by the low C:N ratio of the material after 21 weeks
composting (-23: 1) (Table 4.1), after which time the pH decreased to 5.84, being within
the required range for growth of plants in containers (Table 4.1) (Handreck and Black,
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1989). The rapid decrease in pH of the PMS compost towards the end of the process was
possibly due to microbial nitrification of the NH4+ pool. which has been demonstrated
under thermophilic conditions previously (Waksman et

at..

1939; Focht and Verstraete.

1977), and possibly to the accumulation of acidic end products of fermentation.

Plate 4.1 PMS composting trial after 5 weeks. Piles were initially 25 m long, 3 m wide
and 2 m wide.

Ftgurea.L -Changes-in windrow temperature (at-centre of pile) and- pH during PMS

composting over a 21 week period. Bars indicate standard error from three replicate
windrows. Mineral phosphorus and potassium amendments were added in week: O. and
mineral nitrogen in weeks O. 3, 6, 9 and 17.
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After 21 weeks composting the volume of each windrow decreased by -45%,
attributable primarily to a 31.6% mean increase in bulk density; a 7.7% mean decrease in
gravimetric water content from 71.4% to 63.7%, and to microbial mineralisation of the
organic fraction (Table 4.l). Most of the volume reduction occurred within the first 2
weeks (Figure 4.2). During this time considerable mechanical disintegration of the PMS
fibre cakes occurred during turning, contributing to the increase in bulk density. Linear
regressions between bulk density and gravimetric water content with pile volume
reduction were significant (P<O.Ol), suggesting that the volume reduction was caused
primarily by an increase in bulk density and a reduction in gravimetric water content
(Table 4.2). A similar result has been reported by Michel et al., (1996). The volume
reduction obtained after 21 weeks composting in this study was only slightly longer than
a previous report of composting ANMs PMS with sewage sludge in periodically-turned
windrows (39%) (Line, 1995). Volume

loss is characteristic of most composting

processes, and this has an important effect on increasing the nutrient concentration of the
final product. The loss in volume during composting is also important in the reduction of
overall transport costs of the product (Line, 1995).

Figure 4,2 Changes in windrow bulk density and volume during PMS composting
over a 21 week period. Bars indicate standard error from three replicate windrows.
Mineral phosphorus and potassium amendments were added in week 0, and mineral
nitrogen in weeks 0, 3, 6, 9 and 17.
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The phytotoxicity of the PMS increased from nearly zero (no phytotoxicity) prior to
composting and peaked afIer 8 weeks (Figure 4.3). The period of phytotoxicty coincided
with the mineral nitrogen additions and a period of considerable odour formation, arising
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from anaerobic metabolism within the windrows. The gradual reduction in phytotoxicty
after 8 weeks composting probably coincided with a reduction in ammonium and organic
acid concentration (e.g. acetic, myristic, palmitic, and stearic acids), the phytotoxic
metabolites usually present in unstabilised compost (Lynch, 1977; Garda et al., 1992;
Marambe et al., 1993). After 21 weeks the PMS compost was considered to be
sufficiently cured for marketing since the material possessed an inhibition index of less
than zero, indicating an absence of phytotoxicity. The reason for the stimulation of
seedling growth relative to the control between weeks 9 and 13 may have been due to the
availability of soluble nitrogen following the nitrogen addition in week 9. Thereafter, the
phytotoxicity of the compost reduced approximately to that of the control, possibly due to
the incorporation of nitrogen into biomass. The length of time for the completion of
composting in the large-scale PMS windrows (21 weeks) was only slightly longer the
length of time required in laboratory-scale vessels (when C02 evolution ceased) which
were incubated under thermophilic conditions with mineral nutrients (urea, PAPR and
muriate of potash) added incrementally during the process (17 weeks) (Chapter 3). Thus,
the restriction of gas uptake in the laboratory-scale reactors, which lead to a slowing in
the potential rate of PMS decomposition, simulated reasonably well the length of time
required for decomposition of PMS in large-scale periodically-turned windrows. Plate

4.2 shows one of the replicate windrows and the turning process after 20 weeks
composting.

-

-

-

-

Figure 4.3 Changes in phytotoxicity to Lepidium sativum seedlings (inhibition index
or % growth inhibition relative to control) during PMS composting over a 21 week
period. Bars indicate standard error from three replicate windrows. Mineral phosphorus
and potassium amendments were added in week 0, and mineral nitrogen in weeks 0, 3, 6,
9 and 17. Gl, growth inhibition. GS, growth stimulation.
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Plate 4.2

A PMS windrow during turning after 20 weeks composting. Mineral'

phosphorus and potassium amendments were added in week 0, and mineral nitrogen in
weeks 0, 3, 6, 9 and 17. Note that the volume of the piles decreased with time (Figure
4.2), so piles had to be progressively shortened to maintaina height of 2 m.

4.4.2 Chemical and physical analysis of PMS after composting
The C:N
ratio of the- PMS decreased
from -218:1 to --23:1- after 21
weeks
composting
-- --with nutrient supplementation (Table 4.1), indicating that the material would not
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immobilise nitrogen following application to soil (Poincelot, 1974; Finstein and Morris,
1975). The PMS compost after 21 weeks also contained approximately 47% of the total
nitrogen pool in soluble inorganic forms, with the remainder in an organic form (Table
4.1). Thus, if the PMS compost was used in a horticultural or agricultural application, it
would be an excellent source of soluble nitrogen in the short term. In the long term,
however, release of nitrogen would occur slowly through mineralisation of the organic
nitrogen pool.
After composting, a large Increase In ash content occurred due to the use of
mineral nutrients as sources of nitrogen, phosphorus and potassium during the process
(Table 4.1). The large increase in electrical conductivity to 2.78 dS rrr! after 21 weeks,
beyond the maximum permissible level for potting mixes (:5 2.2 dS rrr l; Standards
Australia AS3743, 1993), was largely due to an increase in concentration of chloride and
sulfur (possibly present as sulfate), originating from the mineral nutrient amendments.
The increase in electrical conductivity was also dependent on the type of mineral nitrogen
amendment added and the stage of composting (Figure 4.4); addition of ammonium
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nitrate at week 17 raised the electrical conductivity more than any other amendment. This
was because ammonium nitrate possesses a higher soluble salt index (relative to sodium
nitrate) than other mineral nitrogen amendments used (ammonium nitrate, 105%; urea,
75%; ammonium sulfate, 69%) (Szmidt and Chong, 1995).·Evidence suggests that use of
ammonium nitrate should be reduced due to· its deleterious'reffect on electrical
conductivity. This could be achieved by usingammonium sulfate instead of the
ammonium nitrate, although ammonium sulfate would still contribute to electrical
conductivity (albeit to a lesser extent). The decrease in pile volume and increase in PMS
bulk density also linearly correlated with the increase in electrical conductivity (P<O.O I)
(Table 4.2), suggesting that the increase in elemental concentration was primarily
responsible for the increase in electrical conductivity during composting. Since an
excessive soluble salt concentration is injurious to plant roots by inducing physiological
drought (Flowers et al.. 1977; Szrnidt and Chong, 1995), the use of undiluted composted
PMS may be unsuitable for the growth of plants sensitive to moderately saline conditions.
However, it should be noted that the electrical conductivity obtained in this study (2.78
dS rrr ') was significantly lower than that of a composted PMS, paunch and ash mix of
between 4.2 and 4.7 dS rrr l (Campbell et al., 1995) or of a PMS, tailings, paunch and
ash mix of 8.2 dS rrr ! (Tripepi et aI., 1996). Sesay et al., (1997) also reported changes in
the electrical conductivity during composting of a PMS with chicken litter and shredded
yard waste. The electri.cal conductivity reported for their composted material (2.40 dS
rrr l) was less than in the present study, however this result can be explained by leaching
of soluble salts from the material during maturation, as the electrical conductivity of the

Figure 4.4 Changes in gravimetric water content (OWC) and electrical conductivity
(EC) during PMS composting over a 21 week period. Bars indicate standard error from
three replicate windrows. Mineral phosphorus and potassium amendments were added in
week 0, and mineral nitrogen in weeks 0, 3, 6, 9 and 17.
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Table 4.1 Physical and chemical properties of PMS before and after 21 weeks
composting.
Property

. Before

Composti~g a.b

After Composting a.b

± 0.06

pH .

4.59 ± 0.14

5.84

GWC(%)C

71.44 ± 0.28

63.72 ± 2.69

Bulk density (kg m-3)

537.89 ± 28.6

682.00 ± 4.11

Ash (%)

1.64 ± 0.00

31.30 ± 3.55

EC (dS mot) d

0.59±0.19

2.78 ± 0.38

Total C (%)

47.87 ± 0.11

33.41 ± 4.16

Total N (%)

0.22 ± 0.00

1.44 ± 0.11

217.90 ± 5.32

23.29 ± 2.79
0.50 ± 0.20

Nitrate-N (%)

± 0.05
0.07 ± 0.03

Available-P (mg kgI)

5.44 ± 0.21

97.98 ± 12.22

Phosphorus

20 ±I

4400 ± 400

Potassium

<10

1567 ± 176

157 ± 3

8200 ± 757

423 ± 12

\I 167 ± 167

117 ± 3

540 ± 58

Sodium

713 ± 17

973 ± 228

Chloride

137 ± 9

1950 ± 180

233 ± 15

2167±318

3656 ± 183

5453 ± 328

Zinc

7.8 ± 0.2

100.0 ± 20.5

Manganese

8.9 ± 0.6

53.3 ± 4.8

Boron

2.6 ± 0.2

4.8 ± 0.2

Cadmium

< 1.0

1.3 ± 0.1

Chromium

6.3 ± 0.6

10.0 ± 1.0

Copper

4.7 ± 0.5

16.3 ± 0.7

Nickel

2.8 ± 0.6

0.4 ± 0.4

< 5.0

7.1 ± 0.4

C:N
Ammonium-N (%)

0.13

0.18 ± 0.02

Total elements (mg kg-})

Sulfur
Calcium
Magnesium

Iron
Aluminium

Leal

a Each value is a mean of a bulk sample from three replicate windrows

± standard error; b Elemental and

ionic analyses expressed on a oven dry weight basis; C Gravimetric water content; d Electrical
conductivity.
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Table 4.2

Regression equations between bulk density, pile volume reduction.

gravimetric water content and electrical conductivity during PMS composting over a 21
week period.
Rewession eq uation d

R2

O.Zlx - 97.41

0.65 ..

GWC a,b - % pile volume reduction .-

-1.93x + 159.95

0.40 ..

Bulk density' - EC c

7.87E·3x - 3.04

0.34 ••

% Pile volume reduction a - EC c

3.50E·2x + 0.65

0.47 ..

Regression parameters

Bulk density' - % pile volume reduction

a Denotes the independent variable in regression equation: b Gravimetric water content; C Electrical
conductivity; d Regression equations calculated from mean data obtained from three replicate windrows;
.. Significant at the 0.01 probability level, n; ZI.

material before composting was 4.04 dS mol.
The aluminium concentration in the PMS after composting was high (0.55%; Table
4.1), due to the use of aluminium sulfate as a flocculating agent during primary
clarification (Chapter 2). When the pH of a plant growth medium decreases to less than
5.0, aluminium may become toxic to plants (Barber, 1984). However, since the pH of
the cured compost was -5.8 (Table 4.1), the aluminium present in the cured PMS would
be expected. to remain in the insoluble form and, therefore, should not effect plant growth
in containers. However, a continued decrease in pH of the PMS compost may be
expected, since in addition to hydrogen ion (H+) release during aluminium sulfate
hydrolysis, the A13+ ions may displace exchangeable H+ and other cations on the
exchange complex, leading to a further reduction in pH (Tisdale et al., 1993).
Alternatively, a decrease in pH may follow due to nitrification of the NH4+ pool
(Waksman et al., 1939; Focht and Verstraete, 1977). To eliminate the possibility of
aluminium toxicity to plants, the aluminium sulfate flocculant used in primary clarification
and sludge dewatering should be substituted with a non-aluminium based flocculant such
as ferric sulfate (Fez[S04b), ferric chloride (FeCI3), magnesium oxide (MgO) or
magnesium hydroxide (Mg(OHh) (EMAG®; rei Watercare, 1996). If aluminium sulfate
is not eliminated from the effluent treatment processes at ANM, application of the
resulting PMS compost to acidic soils may not be recommended, due to the possibility of
aluminium mobilisation. The implications of substituting aluminium sulfate with an iron
or a magnesium based flocculant will be discussed in detail later (Chapter 7).
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Since the mineral nutrient amendments used to adjust the C:N:P:K ratio to a suitable
level to initiate PMS composting had a deleterious effect on the final electrical
conductivity level, use of non-salinising organic nutrient sources (e.g. sewage sludge)
may be warranted. However; a previous study-an the composting of the PMS produced
by ANM found that the use of sewage sludge as a nutrient source resulted in high
loadings of chromium, copper, lead, mercury, nickel and zinc in the product, limiting its
application to agricultural land (Line, 1995). Although sewage sludge is an inexpensive
nutrient source relative to the mineral nutrients used in this study, costs associated with its
transport, together with the problem of heavy metal contamination make it unsuitable as a
nutrient source for PMS composting. Other organic nutrient sources which could be used
for PMS composting in Tasmania include wastes produced by crop, animal, milk and fish
processing industries (Leonard, 1993). However, given the decentralised nature of waste
generators in Tasmania, and thus the large costs associated with waste transport
(Leonard, 1993) relative to the cost of mineral nutrient amendments, use of the abovementioned nutrient sources for PMS composting is probably unfeasible at present.
Therefore, use of mineral nutrient amendments with management of the electrical
conductivity is probably the best approach to PMS composting at ANM under the
prevailing circumstances.
Following PMS composting, the concentration of total phosphorus increased from 20
mg kg! to 4400 mg kg-I since PAPR was added to stimulate degradation of the material
(Table 4.1). However, the available phosphorus concentration increased to only -98 mg
kg- i ~fte;e~~posti~g: i;di~ating th~t ~~Iy -2~2%ofthe total phosphorus pool was
available (Table 4.1). This result was not surprising given that only 4.3% of the total
phosphorus content of PAPR was available prior to addition to the PMS (Chapter 3).
PAPR was used as a source of phosphorus for PMS composting rather than other highly
soluble forms of phosphorus (e.g. calcium orthophosphate [superphosphate]) because the
former slowly releases phosphorus over time (Tisdale et al., 1993), making it more
suitable for horticultural and agricultural applications. Also, since only a small proportion
of PAPR was in the soluble form, leaching of windrows would not result in significant
phosphorus loss relative to soluble phosphorus fertilisers. A disadvantage of PAPR is its
low total phosphorus content (11.9%; Chapter 3), requiring a large application rate to
adjust the C:P ratio of the PMS to the desired level, relative to the calcium
orthophosphates which have total phosphorus contents of up to 53% (Tisdale et al.,
. 1993).. Thus, use of PAPR would involve larger. transport and handling .costs when
compared to other fertilisers with a higher total phosphorus concentration. PAPR,
however, is cheaper (AU$1.52 kg,l P) than other phosphorus sources, such as single
superphosphate (AU$2.03 kg' I P) and triple superphosphate (AU$I.96 kg! P) (Impact
Fertilisers price schedule, March I, L995). For PAPR to be effective it must be in a
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powder form (as in this study), and as a result, it can be inconvenient to handle and
apply. The choice of the form of phosphorus to be used for PMS composting in the
future will therefore depend on the likelihood of phosphorus being leached in large-scale
windrows and whether it is more advantageous to have the phosphorus pool in a form
which is highly available or in a form amenable to slow release over time.
In general, the composted PMS contained no detrimental heavy metal loadings (Table
4.1), making it suitable (apart from the high electrical conductivity) for use as a
horticultural or agricultural plant growth substrate within a normal pH range. Substitution
of the aluminium sulfate flocculant, which is used in primary clarification and sludge
dewatering, with a non-aluminium based flocculant would reduce the potential for
aluminium toxicity in plants. The electrical conductivity of the composted PMS probably
would not be of concern if the material was used in potting media, since dilution of the
PMS compost with inorganic (e.g. sand, perlite) and organic (e.g. peat, bark) materials to
at least 50% of total volume would be necessary to obtain a physically stable mix with an
adequate level of air filled porosity (Handreck and Black, 1989).
4.4.3 Economic analysis of PMS composting compared to landfilling .
The economics of a hypothetical composting operation relative to the current
landfilling operation at ANM were compared. The purpose of this economic analysis was
to determine the likelihood of composting replacing landfilling in the future.
The landfilling operation at ANM is currently run by a contracting firm which collects,
transports and deposits all solid waste from the mill in a landfill which is sited
approximately one kilometre away. Although PMS is the major waste landfilled (-53% of
all waste), significant quantities of boiler furnace ash is also landfilled. Therefore,
establishment of a PMS composting operation would only partially eliminate the need for
landfilling in the short term. However, greater use of boiler ash as a road base at the mill
would further reduce the requirement for landfilling. Nevertheless, in the first part of this
analysis it will be assumed that a PMS composting operation would eliminate the need for
all further landfilling. All economic analyses presented in this section is summarised in
Table 4.3.
Waste cartage (including PMS) to the landfill site costs AU$1.69 rrr'. The contractor'
also charges ANM a fixed sum of AU$20 000 per fortnight for all waste transported and
dumped in the landfill. Given that -53% of all waste land filled is PMS (R. Smith, Pers.
Com., 1996), and that -99 008 m3 of PMS was landfilled in 1996 (Chapter 2), the fixed
contract cost of dumping PMS is AU$2.78 m-3. Therefore, the cost of PMS landfilling
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would be approximately AU$442 923 per year, or AU$4.47 m-3. Another cost associated

with PMS landfilling includes loan repayments arising from borrowings made to
purchase and construct the landfill. Since the cost of purchasing and constructing the
current landfill was unavailable, a conservative estimate of AU$2M was made. Thus, if
an amortised loan for the AU$2M was established with an interest rate of 10%,
repayments over a 10 year loan period would be AU$26 440 per month, or AU$317 280
per year (Woelfel, 1993). A 10 year loan period was estimated so loan repayments could
be made over the entire lifespan of the landfill, assumed to be -10 years. Total PMS
landfilling costs in 1996 would therefore be AU$760 203, or AU$7.68 m-3 Note: these
cost estimates do not include the cost associated with environmental monitoring of the
landfill.
The costs associated with composting assume that the system would be based on an
open air windrowing method with turning being achieved with front-end loaders. This
system of composting generally requires a larger area of land relative to other composting
systems (e.g. forced aeration composting), however, given the availability of sufficient
land near the mill, and an absence of significant housing in the area (low risk of odour
complaint problems), this system of composting may be appropriate. The analysis
presented here compares the costs of a PMS composting operation with and without
infrastructural costs (e.g. land purchase, site development, construction of buildings
etc.). The non-infrastructural costs associated with a PMS composting operation handling
99 _008 m3 of PMS.per year would involve employment ofat lea~t jour full-time
personnel (AU$40 000 per year, each), hire and maintenance of three front end loaders
and one truck (AU$9 300 per year, each) (R. Smith, Pers. Com., 1996) for transporting
PMS and constructing windrows, and mineral nutrient amendments (AU$5.92 m-3). It
has also been assumed that the costs associated with transport of PMS to the composting
site would be incorporated into the previously estimated equipment and personnel costs.
Thus, the non-infrastructural costs associated with a PMS composting operation would
be approximately AU$783 327, or AU$7.91 m-3, of which AU$5.92 is value-added in
terms of mineral nutrient amendments. Of course, this estimate is sensitive to changes in
the concentration of carbon in PMS, which will determine the quantity of mineral nutrient
amendments required to initiate composting. Note that the mineral nutrient amendment
cost comprises -75% of the total non-infrastructural composting cost.
A more realistic costing of a PMS composting operation, however, should include
infrastructural costs, including those associated ,,:ith purchase of land, land development,
construction of buildings and compost storage areas. Assuming that windrows were 2 m
in height, 3 m in width, with windrows being spaced 5 m apart, one hectare of land could
carry 3900 m3 of PMS. Given a windrow retention time of 21 weeks (as in this study),
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with a weekly production of PMS by ANM of 1904 m3, -10.3 hectares ofland would be
required for a composting pad. At least another 5 hectares would be required for
temporary storage of PMS, finished compost and the establishment of buildings.
Assuming the cost of land near the mill was AU$5 000 per hectare, the total cost of land
for the PMS composting operation would be AU$76 500 (for 15.3 Ha). Furthermore, a
composting pad should be developed to permit all-weather traffic over the entire area and
to prevent nutrient movement into the subsoil and groundwater (e.g. lime stabilised clay),
estimated at AU$30 000 ha: i Total surface preparation costs for a 15.3 hectare site
would therefore be AU$459 000. If an additional AU$300 000 was allowed for the
construction of an office and a compost storage shed, the estimated total cost associated
with the purchase and development of the site would be AU$835 500. Assuming that an
amortised loan with an interest rate of 10% was established to cover the costs of land
purchase and site development with a loan duration of 10 years, loan repayments would
amount to -AU$ll 129 per month or AU$133 -546 per year (Woelfel, 1993). If this
amount is added to the non-infrastructural composting costs as determined previously,
the total cost of a PMS compost operation per year would be AU$916 873, or AU$9.26
m- 3 . Thus, when the total costs associated with a PMS composting operation are
considered, the mineral nutrient amendment cost still comprises -64% of the total yearly
. composting costs.
On a practical level, however, it should be noted that the estimated costs associated
with composting (AU$9.26 m- 3 ) and landfilling (AU$7.68 m-3) are not directly
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comparable. This is because it has been assumed that composting would eliminate the
need for landfilling, but in reality this would not occur because PMS comprises only
-53% of total waste landfilled. Therefore, the only cost savings to the company
following the implementation of a composting operation would be that associated with the
cartage of PMS to the landfill, estimated to be AU$4.47 rrr '. This would make
composting more than twice as expensive as landfilling. However, if compost could be
sold at the cost of production, the economic returns generated could cover all costs
associated with the operation, potentially saving the company AU$442 923 per year in
~~~~--~-landfill cartage costs.
The cost to compost PMS on an initial volume basis with all infrastructural costs
considered was estimated to be AU$9.26 m-3. However, given that the volume of PMS
decreased by 45% after 21 weeks composting.. the.actual cost to produce 1m 3 of
compost was estimated to be AU$16.84 m-3, and the volume produced per year would be
54 454 m-'. From an economic viewpoint, a composting operation may be a viable
alternative to landfilling if the net cost (total revenue less total costs) to run the operation
is less than the
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Table 4.3

Economic analysis of PMS landfilling relative to a PMS composting

operation, with and without infrastructural costs from data obtained in 1996.

Cost

Landfilling
Cartage of PMS to landfill (AU$ m·3) a

1.69

. Estimated fixed contract cost of dumping PMS (AU$ m·3) a, b

2.78

Total cartage and contract dumping costs for PMS (AU$ m·3)

4.47

Total yearly PMS cartage and dumping costs (AU$)
Estimated yearly loan repayments for construction oflandfill (AU$)

442923
317280

C

Total estimated yearly PMS landfilling costs (AU$)

760203

Estimated yearly PMS landfilling costs on a per m3 basis (AU$ m·3)

7.68

Composting Scenario 1 - Non-infrastructural Costs Only

Cost

Cost of employing 4 full time staff per year

@

AU$40 000 yr.1

160000

Hire and running costs associated with 3 front-end loaders and I truck @ AU$9 300 yr' I d

37200

Mineral nutrient amendments @ AU$5.92 m·3 PMS <

586 127

Total estimated yearly non-infrastructural PMS composting cost (AU$)

783327

Estimated yearly non-infrastructural PMS composting cost on a per m3 basis (AU$ m-3 )

7.91

Composting Scenario 2 - Infrastructural + Non-infrastructural Costs·

Cost

Purchase of 15.3 ha of land @ an estimated AU$5 000 ha'

76500

Surface preparation costs @ an estimated AU$30 000 ha· 1

459000

Construction of office and storage sheds (AUS)

300000

Total infrastructural.costs (site preparation) (AU$)

835500

Estimated yearly loan repayments for PMS composting infrastructure (AU$)

133546

f

Total estimated yearly infrastructural and non-infrastructural PMS composting cost (AU$)
Estimated yearly infrastructural and non-infrastructural PMS composting

basis (AU$ m·3)

COS[ on

916873

a per m 3

9.26

Note that all cost data are 1996 estimates; The estimated PMS production rate in 1996 was 99 008 m3 (R.
Smith, Pers. Com .. 1996), and was used to calculate all figures expressed on a per m3 PMS basis; a Data
provided by R. Smith. ANM Boyer; b The fixed contact cost was levied at AU$20 000 per fortnight in
1996 on all waste transported to the landfill by the contractor. The estimate shown here was calculated on
the basis that approximately 53% of all waste landfilled in 1996 was PMS (R. Smith, Pers. Com ..
1996);

C

Yearly amortised loan repayments for construction of the landfill, assuming an initial cost of

AU$2M, a landfill life span and loan period of 10 years and a fixed interest rate of 10% p.a.; d Yearly hire
and running costs comprises a hire cost of AU$6 300 (R. Smith, Pers. Com. 1996) and an estimated
running cost of AU$3 000 p.a.; e Mineral nutrient amendment costs calculated in 1996; f Yearly
amortised loan repayments for composting infrastructure, assuming a loan period of 10 years and a fixed

interest rate of 10% p.a.
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cost of transporting PMS to the landfill (i.e. <AU$442 923 per year). In this case, the
compost must be sold for at least AU$8.70 m-3 to make it an economically viable
altern~tive to landfilling. Nationally, sale of compost is in the order of AU$15-25 m-3,'
though higher returns of up to AU$80 m-3 have been obtained with good marketing
(M.Line, Pers. Com., 1998). Therefore, if the compost could be sold to local
municipalities, domestic users, and/or within the company to possibly stimulate the
growth of their plantation forests for at least AU$8.70 m-3, composting could be an
economically viable and an environmentally-sound alternative to landfilling.
4.5

Conclusions

The potential for large-scale windrow composting to convert PMS into a horticultural
or agricultural product was assessed. Mineral nutrient supplementation of the PMS to
obtain a suitable C:N:P:K ratio for composting resulted in the production of a well
humified material with a good nitrogen and phosphorus content. pH management through
partial substitution of urea with ammonium sulfate and ammonium nitrate prevented a pH
rise in excess of 7.5, and resulted in much more effective nitrogen immobilisation than
that achieved in laboratory-scale composting experiments (Chapter 3). Composting
proceeded slowly, taking 21 weeks for phytotoxic properties to disappear, probably due
to the formation of anaerobic conditions within the piles. Substitution of the aluminium
sulfate flocculant (which is used during primary clarification and sludge dewatering) with
a non-aluminium based flocculant would reduce the potential for aluminium toxicity in
.
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plants. Due to its moderately high electrical conductivity, the coinposted PMS may not be
suitable without dilution for growth of plants sensitive to saline conditions. Given a
reduction in electrical conductivity to less than 2 dS rrr ! by reducing the use of
ammonium nitrate, the quality of the composted PMS could be substantially improved.
The cost of composting PMS in periodically-turned windrows over a 21 week period
with all costs considered was estimated to be AU$9.26 m-3 (initial volume), being more
than twice as expensive as landfilling (AU$4.47 m-3). If the compost could be sold to
local municipalities, domestic users and/or within the company to possibly stimulate the
growth of their plantation forests for at least AU$8.70 m-3, composting could be an
economically viable alternative to landfilling.
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Chapter 5
Assessment of periodic turning as an aeration mechanism for
pulp and paper mill sludge composting
5.1

Abstract

The effectiveness of periodic turning as a method of aerating PMS during windrow
composting was determined by monitoring spatial and temporal changes in 02
consumption and C02 accumulation in situ. Gas exchange during the static phase was
found to be limited to the outer periphery of the windrow with interstitial 02 being
reduced to 0-2% in the pile centre between 2 and 6 hours after turning, indicating that the
piles were oxygen-starved for most of the trial, however, at no time was methane
detected. The effectiveness of periodic turning in replenishing interstitial 02 and
eliminating C02 decreased as composting progressed, due to an increase in bulk density
which reduced the volume of voids participating in gas exchange. This was particularly
evident when the bulk density of PMS increased to more than 550 kg m- 3. The
volumetric quotient of C02 produced to 02 consumed in a given interstitial gas sample
was found to be a better indicator of whether -aerobic or anaerobic conditions were
present, than simply considering the level of interstitial 02. An upward convective flow
of gas existing in the PMS windrow during the static phase was not sufficient to maintain
aerobic conditions within the pile. Periodic turning of PMS in static windrows. was found
to be ineffective in maintaining aerobic conditions, suggesting that a reduction in pile
height, addition of a bulking agent to improve porosity andlor the installation of openended perforated plastic pipes could improve aeration during the static phase. Such
measures are relatively inexpensive and would significantly reduce the time required to
produce a stable compost.

5.2

Introduction

The maintenance of aerobic conditions during windrow composting is preferable
because thermophilic microbial activity, substrate decomposition rates and the synthesis
of microbial biomass are reduced under anaerobic conditions (Greenwood and Lees,
1960; Greenwood, 1961; Gray et al., 1971; Derikx et aI., 1990). Turning of windrows
avoids excessive accumulation of intermediate organic acid metabolites (Lynch, -1977;
Garda et aI., 1992; Marambe et aI., 1993), production of malodorous volatile sulfur and
nitrogenous compounds (Miller and Macauley, 1988) and methane (Op den Camp, 1987;
Derikx et aI., 1988), all of which result from anaerobic or reducing conditions. Turning
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also ensures proper nutrient and substrate contact, reduces compaction, replenishes
interstitial voids with 02 (Wiley and Spillane, 1961) and aids in the removal of metabolic
heat, thereby assisting temperature control (Miller, 1993).
Replenishment of interstitial voids with 02 during the static phase is also mediated by
the combined effect of convective mass flow in response to a temperature gradient, and
gaseous diffusion, caused by the existence of partial pressure gradients (Gerrits, 1972).
Such diffusion is influenced by the moisture content and porosity of the substrate (Randle
and Flegg, 1978). The relative importance of these mechanisms of gas exchange during
composting have not been determined, possibly due to inherent thermal and structural
heterogeneity of substrates, tortuosity of the matrix void spaces, the spatial variability in
heat generation and difficulties in measuring small air velocities (Randle and F1egg, 1978;
Miller et al., 1989).
The likelihood of anaerobic conditions developing during composting have been
determined previously by measuring interstitial 02 concentration at various locations (e.g.
Miller et al., 1989), such measurements however cannot distinguish between high and
low rates of uptake or high and low rates of re-supply, since a similar 02 concentration
may exist in all cases (MacGregor et ai., 1981; Miller, 1993). Recommendations of
minimum interstitial 02 concentrations required to maintain aerobic conditions of 5%
(Parr et al., 1978) to 10% (Suler and Finstein, 1977) have been subjectively made.
However in composting trials in which the 02 concentration was maintained above 18%
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by forced aeration, a doubling in ventilation velocity resulted in a 25% increase in
decomposition rate (Miller, 1993). Derikx et ai. (1989) also found that methane
production occurred in the aerobic exterior of windrows during the preparation of
mushroom compost. As methanogenesis is carried out by strictly anaerobic bacteria, the
authors suggested that methane production must have occurred in localised anaerobic
"pockets" in the straw fibres. These reports, therefore, suggest that interstitial 02
monitoring alone will not reliably indicate the absence of anaerobic conditions in the
microenvironment of a composting particle, even where high interstitial 02 concentrations
are recorded.
In the large-scale windrow composting work (described in Chapter 4) it was evident
that composting proceeded slowly, taking 21 weeks for phytotoxic properties to
disappear, Although it was. recognised that the high cellulose. content of PMS may be
responsible for its slow rate of decomposition (Chapter 2), the formation of anaerobic
conditions may have also contributed to the slow rate of decomposition of cellulose in
large-scale windrows (Chapter 4). This chapter, therefore, addresses whether the slow
rate of PMS decomposition in the large-scale periodically-turned windrows (studied in

Chapter 5 - Assessment of periodic turning as an aeration mechanism for PMS composting

75

Chapter 4) was indeed partly due to the formation of anaerobic conditions by monitoring
spatial and temporal changes in interstitial 02 and C02 levels. Based on these results, the
suitability of composting PMS in periodically-turned windrows was assessed.
5.3

Materials and Methods

5.3.1 Composting conditions and windrow construction
Three PMS windrows were constructed with a front-end loader (25 m long, 2 m high
and 3 rn wide). The windrows were supplemented with mineral nitrogen, phosphorus
and potassium to obtain an initial C:N:P:K ratio of 35:1:0.6:0.1 (dry weight basis;
Chapter 4). All windrows were turned weekly with a front-end loader. Pile height was
maintained at approximately 2 m during composting by adjusting pile length at each
turning to compensate for incremental losses in volume. Bulk density determinations
were made on disturbed, representative samples of compost obtained after turning by
.packing a graduated 2 L cylinder evenly with compost, then dropping it from a height of
0.05 m fives times followed by weighing (Chapter 4). A full description of composting
conditions has been described in Chapter 4.
5.3.2 Interstitial gas sampling, storage and analysis
The rate of interstitial 02 consumption and C02 formation in-situ within one windrow
was monitored at

five

positions -at' hourly' intervals for 6 hours after "turning between

weeks I and 16 (Figure 5.2). A custom-made gas sampling device was used to withdraw
interstitial gas at a specified location within the windrow (Figure 5.1). The gas sampling
device consisted of a capped copper pipe sheath of 24 mm internal diameter (i.d.) and 1.2
m in length which housed three 2.5 mm i.d. copper tubes (with sampling ports 0.4 m
apart) to allow sampling from the windrow surface. The open end of each tube was
recessed 10 mm below the surface of the sheath by connection to a 10 mm i.d. thimble.
Butyl rubber septa were fitted to the end of each tube. All connections were gas tight.
Three interstitial gas samplings were made in a horizontal and two in a vertical section
of the windrow. The sampling device was inserted horizontally -0.87 m deep (-0.83 m
above ground level) into the windrow so that port I would coincide with the centre
(position 3. Figure 5.2 and Platefi.I). Prior. to sampling fr9m each port a 200 mL
volume of gas was slowly withdrawn via syringe from a terminal butyl rubber septum
and discarded. After a 20 second equilibration period, a further 50 mL sample was
slowly withdrawn and ca. 10 mL immediately injected into an inverted 12 cm 3 butyl
rubber capped tube by displacing (via a double ended needle) a brine solution consisting
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of 20% sodium chloride and 0.5% sodium citrate to leave ca. 2 mL of the brine in the
tube as detailed in Chapter 3. This interstitial gas sampling procedure was repeated for
ports 2 (position 4, Figure 5.2) and 3 (position 5, Figure 5.2).

Figure 5.1 Schematic diagram of the custom-made copper gas sampling device (all
measurements in mm) used to withdraw interstitial gas samples at various locations
within the windrow. a 2.5 mm i.d. copper tubing;

b

Butyl rubber septum.

r

24

L
Interstitial gas samples were also taken in a vertical section of the windrow. The gas
sampling probe was inserted vertically to a depth of -1.16 m into the peak of the
windrow so that port 1 would coincide with position 3 (Figure 5.2) previously sampled
in the horizontal direction. Gas samples were then taken as before from ports 2 (position
2" Figure 5.2) and 3 -(position 1,Figure 5.2) only. Gas sampling in -this manner was
intended to provide 5 locations that varied in distance from the exterior surface of the
windrow. The location of the gas sampling points are reported as the shortest calculated
distance to the exterior surface of the windrow. Gas sampling was started immediately
after mechanical turning and once every hour for 6 hours for 16 weeks. The gas sampling
probe was always inserted near the middle of the windrow to avoid variable conditions
possibly present at the end of the windrow. Once gas sampling in the vertical and
horizontal positions was completed at each hourly interval, the gas sampling device was
removed and inserted into another section near the middle of the windrow. The 02 and
C02 concentration of stored gas samples was determined by gas chromatography - mass
spectrometry as detailed in Chapter 3. The same spectrometer conditions were used for
the detection and quantification of ClL!.
5.3.3 Statistical analysis of data
Linear regression analyses were performed with Statview'v 4.01 (Abacus Concepts
Inc., California. USA).
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Results and Discussion

5.4.1 Changes in interstitial 02 and C02 concentrations within the PMS windrow
The rates of interstitial 02 consumption and C02 formation were dependent on the
location within the windrow (Figure 5.3). The example indicated in Figure 5.3 represents
samples taken 6 hours after turning at week 3 of composting. At this stage the interstitial
02 concentration was found to decrease to limiting levels with increasing distance from
the surface of the windrow. The decrease of interstitial 02 concentration towards the
centre of the windrow to 2% or less within six hours following most turnings over a 16
week period suggested that the rate of 02 consumption exceeded supply. It was therefore
probable that anaerobic metabolism was predominant in this region of the PMS windrow
for the duration of composting. This may have been partly due to a restriction in gas
movement through the pile, due to the relatively high initial gravimetric water content
(Evans, 1965; Baver et al., 1972). While the presence of an 02 concentration gradient
during windrow composting has been reported frequently for many substrates (e.g.
Wiley and Spillane, 1961; Gerrits, 1972; Parr et al., 1978; Randle and Flegg, 1978;
Strom et al., 1980; Willson, 1983; Miller et al., 1989; Derikx et al.. 1990), changes in
interstitial C02 over the entire composting period have not. In this study a marked
interstitial C02 gradient was observed within the windrow, inversely reflecting the
interstitial 02 gradient throughout the 16 weeks of the trial. Such a marked interstitial
C02 gradient has also been reported by Gerrits (1972) during the early stages of
.-
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mushroom compost preparation. The periphery of the windrow (0-0.06 m), however,
consistently maintained higher interstitial 02 and lower C02 concentrations relative to the
interior, suggesting that sufficient gas exchange occurred to this depth to maintain aerobic
conditions. This result may be explained by higher rates of gas exchange with the
atmosphere coupled with lower rates of microbial 02 uptake and C02 production due to
the lower substrate temperatures (10-20°C) at the periphery (Randle, 1983; Miller et al.,
1989).
The rate of oxygen utilisation in piles has been shown to determine the level of oxygen
present, and oxygen utilisation rates are. in tum. a function of temperature (Miller et al.,
1989). Usually, microbial oxygen consumption increases logarithmically between 20 and
60°C. but thereafter oxygen consumption decreases, since these temperatures inhibit
microbial growth (Shulze, 1962; Jeris and Regan, 1973). Although moderately high
temperatures were experienced at the centre of the pile (60-72°C; Chapter 4), these were
not high enough to inhibit microbial 02 consumption and encourage the re-entry of
oxygen into the centre of the pile. Unfortunately, temperature was not monitored at all the
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Oz consumption and temperature

could not be established.

Figure 5.2

Transverse section of the PMS windrow showing the gas sampling

locations. Dimensions were initially25 m in length, 2 m in height and 3 m in width. Pile
height was maintained at

~2

m by adjusting pile length to compensate for incremental

losses in volume following turning.

I-.

1.5 m

I

..

Plate 5.1 Interstitial gas sampling at positions 3, 4 and 5 within the PMS windrow, as
shown in Figure 5.2.
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Figure 5.3 Example of the interstitial 02 and C02 concentration gradient operating
within the PMS windrow 6 hours after turning in week 3 of composting. Numbers
indicate gas sampling positions as shown in Figure 5.2.
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5.4.2 Changes in interstitial 02 and C02 concentration with changes in bulk density
As composting progressed, turning became less effective in restoring the interstitial 02
and C02 concentrations to ambient atmospheric levels (Figure 5.4). The data shown in
Figure 5.4 represent samples taken at position 2 in the PMS windrow (above the centre
of the pile, Figure 5.2) just after turning" for 16 successive weeks. The restriction of gas'
exchange during turning was not due to an increase in gravimetric water content since this
actually decreased from 71.7% in week 1 to 65.6% in week 16 (Chapter 4). An increase
in PMS bulk density by -23% from 537 kg m-3 to 658 kg m-3 after 16 weeks composting
(Chapter 4) was found to be partly responsible for the restriction in gas exchange
(P<0.05; Figure 5.4). The increase in bulk density was consistent with the observation
that with successive mechanical turnings, the PMS fibre cakes tended to disintegrate
(Chapter 4). Restriction of gas exchange was particularly evident when the bulk density
of PMS increased to more than 550 kg m-I. However, only 33 and 38% of the variability
in 02 and C02 levels just after turning, respectively, could be explained by the increase in
bulk density (Figure 5.4). The unexplained difference may have been due to the fact that
bulk density determinations were made on disturbed samples consisting of material
obtained from a number of locations in the windrow, and not on material at gas sampling
position 2. Gas transfer inhibition was most likely due to a decrease in air filled pores and
of pore continuity, and hence the void space available for gas exchange, all being
inversely related to bulk density (Baver et al., 1972).
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Figure 5.4 Regression plots showing the effect of bulk density on interstitial 02 and
C02 concentration just after turning at gas sampling position 2 (see Figure 5.2) over 16
successive weeks. Numbers indicate the week of sampling.
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Mechanical turning is often cited as the primary mechanism for re-aerating composting
substrates. however, in this trial its effectiveness reduced as composting progressed...
Rapid interstitial 02 consumption during composting combined with the susceptibility of
PMS fibre cakes to mechanical disintegration resulted in the rapid onset of anaerobic
conditions. The strong malodours detected during weekly turnings, from the first week
on also suggested that anaerobic conditions were indeed prevalent (Chapter 4). Although
gas sampling was not conducted near the base ofthe pile; this region too would have
been subject to anaerobic conditions, due to the large distance from the exterior surface of
the windrow.

5.4.3 Predicting aerobic or anaerobic metabolism through an analysis of the volumetric
quotient of C02 (produced) to 02 (consumed)
As expected, a linear relationship existed between 02 consumed and C02 formed
(P<O.OOO I), although only 77% of the variability in interstitial C02 levels could be
explained by the interstitial 02 levels (Figure 5.5). Evidence suggested that when the
interstitial 02 concentration fell below -10%, the ability to predict C02 concentration
from 02 measurements decreased (Figure 5.5). Although many of the interstitial gas
samples possessed a low 02 concentration, the existence of anaerobic conditions could
not be objectively determined by examining this parameter in isolation. Given that the
PMS used in this study consisted primarily of cellulose polymorph type I (Chapter 2), the
calculated volumetric quotient of C02 produced to 02 consumed Jor complete aerobic
catabolism of the substrate would be 0.857. Under aerobic (oxidative) conditions this
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ratio has been termed the respiratory quotient (Harrow and Mazur, 1955). This term was
not used as it is difficult to determine whether COz is produced by aerobic or anaerobic
microbial processes during compo sting. The slope of the regression line in Figure 5.5
therefore represents the average relationship between COz produced (dependent variable)
and Oz consumed (independent variable), the quotient being -0.801 (calculated from all
samples taken during the experiment). Clearly, many of the data points above the dotted
line (COzIOz>0.857) could only have occurred through production of C02 by
fermentation or with an electron acceptor other than Oz, indicating the existence of
anaerobic microsites. Although the interstitial Oz concentration in the inner region of the
windrow during the trial was mostly between 0 and 5%, metabolism was not always
anaerobic, because many had a COzIOz quotient less than 0.857 (Figure 5.5). Similarly,
in the outer region of the windrow where the Oz concentration was mostly above 10%,
metabolism was not always aerobic, as many samples possessed a COz!OZ quotient of
more than 0.857 (Figure 5.5). The presence of anaerobically-formed COZ in the
interstitial spaces where oxygen is present may be explained by the microenvironment
effect. If microbial cells within a microenvironment cannot obtain sufficient Oz from the
macroenvironment, possibly due to a lack of pore continuity, alternative electron
acceptors will be used, leading to the formation of localised anaerobic "pockets" within
the aerobic macroenvironment (Greenwood, 1961; Derikx et al., 1988, 1989). Under
such conditions, methane production by strictly anaerobic bacteria occurs (Derikx et af.
1989), but at no stage was methane detected during PMS composting (or during the
laboratory-scale composting experiments; Chapter 3). Release of NH3 during the
hydrolysis 'of urea ·(used as' a partial source of nitrogen for PMS composting; Chapter 4)
may have been responsible for the absence of methane, as previous work has shown that
methanogenesis is strongly inhibited by high concentrations of NH3 (Koster, 1986).
Many of the gas samples taken within the PMS windrow possessed a volumetric
COzIOz quotient less than the theoretical value of 0.857 for complete aerobic catabolism

of cellulose, due to anabolic microbial metabolism (Figure 5.5). Catabolic metabolism is
a process carried out by microorganisms to generate energy in the form of ATP, via the
oxidation of a carbon source to form COz. However, intermediate breakdown products
during cellulose degradation such as cellobiose, glucose and others are not always fully
oxidised to COz for energy generation. Instead, they are utilised by microorganisms for
polysaccharide, lipid, protein, vitamin and nucleic acid biosynthesis for incorporation
into cellular biomass: This process is known as anabolic metabolism (Brock and
Madigan, 1991). As a carbon source is not fully oxidised to COz during anabolic
microbial metabolism, the volumetric COzIOz quotient is low relative to when catabolic
metabolism is dominant. Furthermore, temperature determines whether anabolic (low
COzIOz) or catabolic (high COzIOz) metabolism dominates during the degradation of an
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organic substrate (Nakasaki et al., 1985). Catabolic metabolism tends to dominate at
higher temperatures (e.g. 70°C) and anabolic metabolism tends to dominate at lower
temperatures (e.g. 50°C) (Nakasaki et al., 1985). Thus at high temperatures microbial
respiration tends to be uncoupled from microbial growth. The moderately high core
temperatures experienced during windrow composting of PMS (60-72°C) (Chapter 4)
would have promoted catabolic microbial activity, possibly leading to rapid Oz
consumption and a transition from aerobic to anaerobic conditions following turning.

Figure 5.5 Regression plot between interstitial COz and Oz consumed of samples
taken within a 6 hour period following turning for 16 successive weeks. The slope of the
solid line represents the volumetric quotient of COZ to Oz (0.801). The broken line
represents a theoretical COzlOz quotient of 0.857 for complete aerobic catabolism of
cellulose. Data points located above the broken line represent samples taken from oxygen
limited regions of the PMS windrow. Open symbols indicate samples taken from the
outer region (0.06-0.38 m from surface) and closed symbols indicate samples taken from
the inner region (0.46-0.70 m from surface) of the PMS windrow.
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COZIOz gradients were also found to exist in the PMS windrow during all stages of
composting. In the horizontal section of the windrow, the COzlOz gradient was found to
increase towards the centre, and further increase towards the top of the windrow (Figure
5.6). Convective air flow from the sides of the windrow, with progressive Oz
assimilation from the gas phase during its passage towards the top may explain the
spatial orientation of the COzlOZ gradients. This mechanism of gas exchange has been
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termed the "chimney effect" (Gerrits, 1972), driven by buoyancy differences as a result
of differential temperatures in interstitial air (Miller, 1993). This mechanism of gas
transfer is consistent with the observation that as soon as thermophilic conditions were
established, water vapour was observed to exit and condense in the ambient air from the
peak of the windrow. Despite the evidence for an upwardly curved convective pathway
of air movement, the rate was insufficient to maintain aerobic conditions within the pile.

Figure 5.6 Mean volumetric quotient of C02 produced to 02 consumed of samples
taken at varying distances from the surface in either the horizontal or vertical direction
within the PMS windrow. Each data point represents the mean C02/02 quotient derived
from the slope of regression lines in C02-02 plots for separate gas sampling locations
(n=1I2-1I5). Solid and broken lines indicate the direction and magnitude of the C02/02
gradients within the PMS windrow. Numbers indicate the position of gas sampling as in
Figure 5.2.
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The predominance of anaerobic metabolism during most of the PMS composting
process was probably responsible for the slow rate of maturation, taking 21 weeks for
phytotoxic properties to disappear (Chapter 4). A recent report documenting PMS
composting with chicken litter and shredded yard waste using a forced air ventilation
system coupled with temperature feedback control for 2 weeks showed that a matured
product was obtained following a subsequent unventilated maturation phase of 6 weeks
(Sesay et aI., 1997). Therefore, if the passive gas transfer limitaiions experienced during
the static phase can be overcome with a forced aeration system, the time and cost
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associated with the conversion of PMS to a stabilised compost may be significantly
reduced.
According to Miller (1993), substrate availability and density have an important affect
on whether sufficient 02 diffusion and heat transfer occurs during composting. The
increase in substrate density during the composting of PMS was, therefore, responsible
for reducing porosity and reducing air flow through the mass. In such circumstances air
flow can be improved by adding bulking agents such as woodchips, straw or bark
(Epstein et al., 1976). As a result, better oxygenation and temperature control is achieved
,
(Miller, 1993), thus reducing the time required for decomposition. If sufficient land is
available, an improvement in oxygenation and temperature control during PMS
composting could be achieved by simply reducing the height of the windrows (Strom et
al., 1980). In this study, height would have reduced over time if the windrows were not
progressively shortened. Alternatively, the installation of open-ended perforated plastic
pipes at the base of the piles could be used to provide better aeration to the PMS
composting mass. Perforated pipes have been shown to improve air movement (passive
aeration) through the composting matrix by diffusion and convection, being suitable for.
improving aeration in materials with a gravimetric water content of up to 80% (Fernandes
et al., 1994; Liao et al., 1994). However if perforated plastic pipes are used to assist in
the aeration of PMS windrows, they would have to be removed before mechanical
turning could proceed. Therefore, if some of these simple, inexpensive measures were
taken to improve air movement through the windrows in a PMS composting operation,
the time required for completion of composting could be significantly reduced.

5,5

Conclusions

The effectiveness of periodic turning as a method for aerating a pulp and paper mill
sludge (PMS) during windrow composting was determined by monitoring spatial and
temporal changes in 02 consumption and C02 accumulation in situ. Gas transfer
limitations associated with the high initial gravimetric water content and loss of structural
stability with time were responsible for establishing a primarily anaerobic environment
within the windrow (but at no time was methane detected), resulting in a relatively slow
rate of decomposition. Due to the loss of structural stability with time, mechanical turning
became less effective in replenishing voids with 02 and eliminating C02. Although an
upward convective flow of gas was detected in the windrow, the rate was not sufficient
to maintain aerobic conditions. Alternative measures involving a reduction in pile height,
addition of a bulking agent to improve porosity and/or the installation of open-ended
perforated plastic pipes in the PMS piles could significantly improve aeration and thus
reduce the length of time required to produce a stabilised compost.

