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Chapter 1

Framework of this thesis
In the 1980's, increasing problems with soil-borne pathogens due to intensive cultivation
of a limited number of crops in short rotations forced Dutch arable farming to look for new
profitable crops intended for large-scale non-food markets. Hemp wasconsidered, duetothe
outstanding quality of hemp bark fibres for papermaking. The potential of fibre hemp as a
raw material for the pulp and paper industry was subject of a comprehensive 4 year study,
the Hemp Research Programme, which took place from 1990 to 1994. The aim of the
programme was the development of economically feasible and environmentally safe pulping
processesfor hemp fibres grown inTheNetherlands. Environmental demandswereaddressed
by avoiding sulphur-based cooking chemicals and chlorine-based bleaching processes aswell
as research on wastewater treatment to minimize the environmental impact of discharged
pulping effluents. The task of the Department of Environmental Technology was the
characterization of hemp pulping wastewaters, evaluation of biological methods for the
treatment of these wastewaters and development of adequate technology to overcome
constraints for treatment.
In this chapter, the importance of hemp in the history of papermaking will be traced.
Subsequently, the chemical composition of hemp feedstocks in relation to wastewater
characteristics will be discussed. Thereafter, the perspectives of anaerobic and aerobic
biological treatment methods will be evaluated, with a focus on the toxicity and
biodegradability of pulp and paper industry wastewater constituents.

History and future of hemp as a fibre crop
Hemp (Cannabissativa L.) is an ancient crop, which has been cultivated for more than
6000years. Originating from Central Asia, hemp hasbeen grown for multiple purposes from
the tropics to the polar circle. Bark fibre has been utilized to manufacture rope, fabric and
paper. Preparations constituting of hemp resin and buds, commonly known as hashish and
marihuana, were used for medical, spiritual and recreational purposes and hemp seed
provided oil for food, lubricant, paint and varnish. Among the various usages, it's use asa
fibre feedstock wastheprime function of hempthroughout history. When paper was invented
in the year 105 A.D. in China by Ts'ai Lun, marquis at the court of emperor Ho Ti, hemp
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was one of the main ingredients, among mulberry bark, rags and fishing nets. Ts'ai Lun
probably perfected a technique that had been in use for some time, since recently an even
older piece of paper wasdiscovered inatomb inShensi province. Also this sample of paper,
which dated before 104-87 B.C., was shown to be made of hemp (Li, 1974). From the
invention ofpaper, for over 1700years, paper wasentirely made from avariety of non-wood
fibres. In Europe, paper mills using worn-out ropes and tissues made from hemp and flax,
were established from the twelfth century onwards (Atchinson and McGovern, 1987). The
first wood-based papers were only made after 1840, when shortages of rags were the
incentive todevelop the stone groundwood process for converting wood intopulp (Rydholm,
1965). From that time, the importance of hemp as a source of fibres for pulp and paper
production gradually declined and woodhasbecomethepredominant raw material for paper.
Nowadays hemponly playsaminor roleasafeedstock for speciality papers, suchascigarette
papers, bibles and banknotes.
Worldwide, about 5-11% of the fibrous raw material (FRM) used to make paper,
originates from non-woody plants (PPI 1995, FAO 1995). In Europe and North America
however, essentially all pulp is wood-based and the share of non-wood fibres is restricted to
1-2% (FAO, 1995). Theestimatesof theannual non-woodpulpproduction vary considerably
and hide very significant regional differences. Globally, the most common non-wood fibre
used inpapermaking is wheat straw, accounting for 47% of total non-wood paper production
in 1993. Estimates of the global production of fibre hemp range from 100,000 to 200,000
tonnes per annum, which accounts for less than 1%of the world non-wood pulp production
(FAO, 1995; Bolton, 1994).
In many countries, cultivation of hemp is restricted by law. Being a source of the soft
drugs marihuana and hashish, hemp is often regarded as an illicit plant. Therefore, breeding
of fibre hemp is aimed at negligible psycho-activity. Delta-9-tetrahydrocannabinol (THC) is
generally accepted as the major psycho-active compound in hemp. Discrimination between
'fibre phenotype' cultivarsand 'drugphenotype' cultivars isbasedonTHCcontent. European
Union legislation restricts the THC content of fibre hemp to a maximum of 0.3%, as
measured in the flowering parts.
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General introduction

Characteristics of hemp in relation to wastewater characteristics
Compared towood, non-wood fibres aremoremuch heterogeneous intheir chemistry and
fibre characteristics. Thehempstemprovidestwodistinctfibrefractions. Outsidethevascular
cambium one finds the bark tissues, which make up 30 to 35% of the stem dry weight. The
remaining dry weight is comprised of the stem wood tissues located in the core within the
vascular cambium (van der Werf et ah, 1994). The most valuable fibre fraction for
papermaking isthehemp bark fraction, which consistsof very long fibres and islow inlignin
content (4%) (see Table 1). Hemp stem wood on the other hand, consists of rather short
fibres and a high lignin content (21%) similar to hardwood.
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Figure 1. Schematicstructural formula for lignin, adapted from Adler(1977).
Thethreeprecursor alcoholsareshownatthelowercorner.
Plant fibres essentially consists of cell walls, which are composed of cellulose,
hemicellulose, ligninandtoalesserextentextractives. Lignin isahighly branched, undefined
aromatic polymer composed of phenylpropane subunits, which are randomly linked by a
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variety carbon-carbon and ether bonds (Fengel and Wegener, 1984; Colberg, 1988). There
arethreebasicmonomers that are found in lignins, i.e. p-coumaryl alcohol, coniferyl alcohol
(guaiacyl) and sinapyl alcohol (syringyl) (Figure 1). Therelativeproportion of the monomers
depends onplant family. Hemp lignin resembles hardwood lignin and belongs tothe classof
guaiacyl-syringyl lignins, which are polymerizates of predominantly coniferyl alcohol and
sinapyl alcohol. Characterization of hemp by nitrobenzene oxidation showed a ratio
guaiacyl:syringyl of 1:0.9for hempbark and 1:1.4for hemp stem wood lignin (Anonymous,
1992).
Extractives are compounds of diverse nature, which by definition are soluble in organic
solvents or water. In this thesis however, the term extractives will be used in the narrow
senseonly, i.e. for thosecompounds soluble inorganicsolvents. According tothis definition,
extractives essentially constitute thecompounds found inwood resin, including fatty andresin
acids, and their esters, as well as apolar phenolic compounds and neutral components such
as fatty alcohols, terpenes and sterols (Fengel and Wegener, 1984). Reports on the overall
composition of hemp extractives are very seldom. Although the extractive fraction of hemp
has been extensively studied, most research had been performed with the flowering parts of
the drug-type cultivars and was focused on the isolation and identification of psycho-active
compounds, in particular cannabinoids. Research by Brenneisen and ElSohly (1988), who
studied the overall composition of the methanol-chloroform extractable fraction of various
drug-type hemp samples, showed that terpenes and cannabinoids are the major constituents
of the hemp extractive fraction. Terpene and cannabinoid contents were similar and together
they constitute more than 90% of the extracted material, balanced with non-cannabinoid
phenols and alkanes as minor fractions. Structures of representative hemp extractives are
shown in Figure 2.
Terpenes are hydrocarbon compounds consisting of multiple isoprene units, (C5H8)n. A
total of 58 monoterpenes and 38 sesquiterpenes was reported to have been identified from
different cannabis preparations (Turner et al., 1980). Major terpene components present in
the essential oil of hemp are monoterpenes like C-myrcene, limonene and to a lesser degree
a-pineneandB-pinene, and sesquiterpenes likefi-caryophyllene,fi-humuleneand (3-farnesene
(Nigametal., 1965;Hood etal., 1973;Hendriksetal, 1975;Rossand ElSohly, 1996).The
data presented in Table 2, shows that the hemp terpene composition as reported in literature,
varies considerably. Drying and storage of hemp is known to cause a relative increase of the
fraction sesquiterpenes in the overall composition of the essential oil (Ross and ElSohly,
1996). It might be therefore, that in most studies the fraction of sesquiterpenes appears to
overshadow the fraction monoterpenes, due to a significantly greater loss of the volatile
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Table 2. Mono and sesquiterpene hydrocarbons in the essential oil ofCannabis
sativaLa.
Component

Nigamera/.,
1965

Hood etal.,
1973

Hendriks etal., Ross &ElSohly,
1975
1996

Camphene

0.1

0.7

0.1

fi-Fenchol

-

-

-

1.0

Limonene

2.8

1.0"

0.5

16.3

0.4

Linalool

-

-

-

5.1

Myrcene

1.3

1.0

1.0

32.9

B-Phellandrene

2.7

1.0°

0.1

-

or-Pinene

1.3

3.9

1.5

1.6

B-Pinene

0.8

2.2

1.5

2.5

trans-a-Bergamotene

5.0

8.0

36.9"

0.5

3.2

-

-

0.2

epi-Of-Bisabolol

-

B-Caryophyllene

45.7

37.5

36.9"

5.5

-

-

1.3

-

Curcumene

1.4

1.4

0.2

6-Eudesmol

-

-

-

B-Farnesene

5.1

9.8

2.5

0.2

a-Humulene

-

-

-

2.1

B-Humulene

16.0

13.9

9.4

-

-

5.2
3.2

-

a-Selinene

8.6

2.2

1.2

0.6

B-Selinene

-

-

3.3

0.6

Unindentified

-

-

14.0

10.6

J2.6

86.5

83.5

97.7

B-Bisabolene
trans-7-Bisabolene

iso-Caryophyllene

a-Guaiene
Guaiol
trans-a-Farnesene

Selina-3,7(1l)diene
Selina-4(14),7(ll)diene

Totalmono and sesquiterpene hydrocarbons

Not reported.
Volatile oil had been prepared from dry hemp material. No information is available onage and storage
conditions of the hemp samples, except for Ross &ElSohly, where hempbuds first have been dried at room
temperature and then stored inthe dark for three months.
Percentage of the essential oil.
Combined content Limonene + B-Phellandrene.
Combined content trans-a-Bergamotene + B-Caryophyllene.

3.9
1.2

1.1
1.2
1.8
2.7
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monoterpenes compared tothe sesquiterpenes. Ross and ElSohly (1996) however, show that
theessentialoilobtained from fresh hemp, iscomposed mainly ofmonoterpenes (92%). After
drying and storage, monoterpenes account for 62% of the hemp essential oil with 36%
sesquiterpenes.

Monoterpenes

Sequiterpenes

Cannabinoids

A
fi-Myrcene

(i-Caryophellene

Limonene
CBN

a-Pinene

(i-Humulene

CBD
IJ-Pinene

Figure2. Chemical structure ofrepresentative hempextractivecomponents.
THC:delta-9-tetrahydrocannabinol, CBN:cannabinol, CBD:cannabidiol.
Cannabinoids represent a distinctive class of compounds, found only in Cannabis sativa
L. (Mechoulam and Gaoni, 1967). Cannabinoids are C21-compounds belonging to the
chemical class of the terpenophenolics and are responsible for the hallucinating effect of
Cannabis preparations. More than 60 cannabinoid compounds have been isolated (Turner et
al., 1980), although the majority of the isolated compounds are only present at trace
concentrations. Major cannabinoids in fibre hemp are cannabidiol (CBD), delta-9tetrahydrocannabinol (THC) and cannabinol (CBN). The THC content of various fibre hemp
cultivars wasstudied by de Meijer etal., (1992) and ranged globally from 0.10-0.35%inthe
flowering parts. While the CBD content, in fibre hemp typically higher than the THC
content, ranged from 0.70-1.70%. Reported cannabinoid contents overestimate the THC
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content in the whole plant, since cannabinoids generally are accumulated in the flowering
parts. Aside from terpenes and cannabinoids, numerous minor constituents of the hemp
extractive fraction have been identified, among others terpenols, sterols, fatty acids, alkanes,
apolar phenols and dihydrostilbenes (Turner et al., 1980; ElSohly et al., 1984).

Environmental impact of pulp and paper industry effluents

Wastewater composition
Pulp and paper mill effluents are highly heterogeneous. Their composition may vary
dramatically from mill to mill depending on the feedstocks and processes utilized. The
production ofpaper from woodor other lignocellulosiematerial, likestraworhemp, involves
various operations including raw material preparation, mechanical or chemical pulping, pulp
bleaching and papermaking. During conversion of the lignocellulosie feedstock, lignin,
hemicelluloses and extractives are selectively removed toprovide acellulose enriched fibrous
mass, known as pulp. Effluent from pulp and paper mills includes dissolved material from
the pulping feedstock, residual process chemicals and compounds produced by reactions
between process chemicals and pulping feedstock constituents. Pulping and bleaching
processes play a central role in the pollution load and wastewater composition of a pulp and
paper mill. In contrast, only minor loads are generated in the paper machines. A global
overview of the pollution load of various pulping processes is given in Figure 3.
During pulp processing, more or less discrete fibres are liberated from the lignocellulosie
feedstock by means of physical and/or chemical action. There are four categories of pulping
processes, listed in order of decreasing reliance on physical action and increasing chemical
action: mechanical, chemi-mechanical, semi-chemical andchemicalpulping. Mechanical and
thermomechanical pulps with high pulp yields produce low pollution loads and the
wastewaters is usually composed mostly of biodegradable matter such as carbohydrates and
organicacids. Thermomechanical pulping (TMP)wastewaterdiffers from mechanical pulping
(MP) wastewater in that the heating of the wood chips, prior to mechanical pulping,
solubilizes lignin. Chemo-thermo-mechanicalpulping (CTMP) and semichemical (eg. neutral
sulphite semi-chemical, NSSC) wastewaters are of intermediate strength and contain more
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lignin. The more that chemicals are involved, the lower the pulp yield and the lignin content
of the pulp, therefore the higher the pollution load. Full chemical pulping (CP) promotes
extensive decomposition of hemicelluloseto soluble carbohydrates and organic acids as well
as causes a severe dissolution of lignin. Furthermore, inorganic additives, such as alkali and
sulphur containing cooking chemicals may be present at high concentrations in chemical
pulping liquors. Therefore, at many large-scale CP mills (kraft and sulfite) pulping liquors
areevaporated andburned inorder torecover pulping chemicals andenergy, which accounts
for a considerable reduction of the pollution loads.
Extractives are lipophilic wood constituents, generally characterized by a poor water
solubility at neutral to acidic pH. At more elevated pH however, the solubility of various
resinouscompounds, such asresinacids, increases, duetodissociation of carboxylicgroups.
Therefore, during alkalinepulping, aside from ligninaconsiderableportion of wood resinous
compounds is extracted into the process water.
In general, non-wood fibres contain lower amounts of lignin and higher amounts of hot
water and alkali soluble compounds. Due to the low lignin content of non-wood fibres, less
energy and chemicals are required for pulping and bleaching, which makes them more
environmentally friendly papermakingmaterialsthanwood. Ontheother hand, thepulpyield
of non-wood fibres is generally lower compared to wood, due to the high content hot water
andalkalinesolublematerialinnon-woodyfibres. Forexample, 1% NaOHsolubility inhemp
fibres is 31-33% (van de.Werf et ah, 1994), whereas for soft woods values of 10-15% are
reported (Rydholm, 1965; Biermann, 1993). The relatively high amounts of hot water and
alkali soluble material in non-wood fibres can be regarded as disadvantageous, signifying
elevated losses of raw material by extraction intotheprocess waters, reduced pulpyieldsand
increased organic loads to be removed by effluent treatment. Moreover, the absence of a
dependable and economic chemical recovery system for small-scale non-wood pulp mills
complicates effective recovery of pulping chemicals, which leads to relatively high pollution
loads, in comparison to wood-based pulp mills with recovery (Figure 3). Pulping processes
beinginvestigated withintheHempResearchProgramme, includedthermomechanicalpulping
(TMP), alkalineperoxidemechanicalpulping(APMP)(vanRoekeletah, 1995),andalkaline
pulping (de Groot et ah, 1994, 1995, 1997). APMP applying a co-rotating twin-screw
extruder, was evaluated as a sulphite-free alternative for conventional chemithermomechanical pulping (CTMP). NaOH-based sodapulping wasconsidered asachemical
pulping method for hemp stem wood fibres. Application of sulphur-based pulping additives
and chlorine bleaching processes was considered obsolete, due to environmental demands.
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Environmental Effects
The environmental impact of forest industry effluents can be attributed to three wastewater
characteristics, i.e. 1) biological oxygen demand (BOD); 2) color; and 3) toxicity.
Traditionally, BOD has been used as a parameter for regulating pollution at pulp and paper
mills. BOD primarily results from the easily biodegradable components in the wastewater
such as carbohydrates, organic acids and alcohols. Essentially all wastewaters of the forest
industry contain to at least a certain extent BOD. Removal of BOD is required to prevent
oxygen depletion and starvation in the aquatic ecosystems of receiving waters. Color inpulp
and paper mill effluents is related to the presence of lignin compounds in the wastewater.
Color levels are particularly high in chemical pulping and bleaching effluents, where lignin
is effectively extracted into the wastewater. The color bearing compounds are for the most
parthighMWpolymers, whicharehighly recalcitrant duringbiologicaltreatment. Therefore,
CODnorms for discharge of pulping effluents essentially refer tothe same compounds asthe
color norms.
Untreated pulp and paper mill effluents display acute lethal and chronic inhibitory effects
to fish and aquatic organisms in the ecosystems of freshwater recipients. Natural wood
constituents, like resin acids and tannins, have been shown to be major factors in effluent
toxicity. Chlorophenols, formed by the interaction of lignin with bleaching chemicals,
representathirdgroupofwastewater constituents, notoriousfor theirecotoxicological impact.

Biological wastewater treatment
Biological wastewater treatment methods are highly effective for the removal of BOD
containing dissolved organic compounds. Moreover, significant detoxification of toxic
compounds can be achieved by biological means. The technologies which are presently
available for biological treatment are firstly aimed at BOD removal and based onthe activity
of natural mixed cultures of bacteria present in either aerobic or anaerobic wastewater
treatment plants. During biological treatment, organic pollutants are removed by metabolic
conversion, occurring inside cells which release mineralization products. Additionally, also
inorganic wastewater constituents, like nutrients as nitrate and phosphate, can be removed
biologically, either by metabolic conversion or enhanced microbial uptake.
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Aerobic treatment
In the 1970's, enforcement of environmental regulations on BOD discharge in the USA,
Canada and Scandinavia led to the implementation of aerobic biological treatment methods
for the treatment of pulp and paper industry wastewaters (Virkola and Honkanen, 1985).
Natural waters or ponds were provided with aerators, constructing aerated lagoons and
aerated stabilization basins. The BODreductions achieved in aerated lagoons range from 4070% (Luonsi etal., 1988;Ozturk etal., 1990; Palabiyikoglu and Krogerus, 1989; Stuthridge
etal., 1991). Up till then, settling basins and mechanical clarifiers, build to recover fibrous
material and suspended solids, weretheprincipal measures for external treatment of pulpand
paper industry wastewaters (Luonsi et al., 1988; Biermann, 1993).
Tightening of environmental regulations in the early 1980's and space limitations on site,
promoted the introduction ofthe activated sludgeprocess, which provided better performance
by the recirculation of biomass. At present, there is an important number of activated sludge
plants inoperation, treating effluents from mechanical and chemicalpaper mills. Theloading
rates achieved in activated sludge plants range from 0.2 to4.9 gBOD/Z-d(Palabiyikoglu and
Krogerus, 1989; Saunamaki, 1989, 1997). However, the tendency is to operate activated
sludge plants at low loadings, as is indicated by an average sludge loading of 0.15
g BOD/g MLSS-d for Finnish pulp mills (Saunimaki, 1997). The BOD removal efficiencies
are high, in most cases between 65 and 99% (Easty et al., 1978; Junna and Rintala, 1990;
Palabiyikoglu and Krogerus, 1989; Viitasaari and Vuoriranta, 1991).
The COD reductions, however, vary between 40-92% at paper board mills and range
between 25-65% at chemical pulp mills (Junna and Rintala, 1990; Saunamaki, 1989, 1997;
Viitasaari and Vuoriranta, 1991). Generally, little or no color removal is obtained by
activated sludge treatment (Walden, 1980; Yin et al., 1989). During aerobic post-treatment
of anaerobic treated effluents, color is actually increased (Rintala and Lepisto, 1992; Schnell
et al., 1990). The poor COD and color reduction observed during aerobic treatment of
chemical pulping wastewaters isdue to the high content poorly biodegradable lignin inthese
effluents. Aerobic treatment has been shown to be effective in reducing the aquatic toxicity
from various types of forest industry wastewaters (Galvao et al., 1987; Junna et al., 1982;
Mueller et al., 1976; Wilson et al., 1987).
An important drawback of aerobic wastewater treatment is, however, that they are
expensive to operate. Considerable energy must be used to aerate the system (0.5 kWhkg"1
CODrt.movai) (Rintala, 1992). Additionally, the high sludge yields, up to 0.5 kg sludge solids
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kg 1 CODreraoved (Eckenfelder et al, 1988, Ramanathan and Gaudy, 1971;Saunamaki, 1989
& 1997)causesexcessive costsfor sludgeprocessing, likedisposal orincineration, andmakes
sludgemanagement amajor sourceof the cost for aerobictreatment systems (Kyllonen et al.,
1988).

Anaerobic treatment
Anaerobic degradation of organic material depends on the combined activity of various
bacterialtrophicgroups, coexistingwithinamicrobial consortium. Firststepsintheanaerobic
decomposition ofcomplex organicmatter comprises ofhydrolysis and fermentation reactions,
mainly accomplished by fermentative bacteria (Gujer and Zehnder, 1983). The products of
these degradation reactions are either acetate and hydrogen or intermediate compounds such
asvolatilefatty acids(propionateandbutyrate), whichmaybefurther degradedtoacetateand
hydrogen by acetogenic bacteria. In thedegradation chain, methanogenic bacteria are thelast
trophicgroup, comprised of acetotrophic (acetoclastic) methanogens, whichproducemethane
by means of acetate decarboxylation, and hydrogenotrophic methanogens, involved in the
formation of methanethrough thereduction of carbon dioxidebyhydrogen. For the performance of anaerobic wastewater treatment systems, the activity of the methanogenic population
is essential, since actual COD removal is achieved by the formation of methane, which is
released from the wastewater.
Anaerobic wastewater treatment was introduced in the pulp and paper industry in 1983
(Lettinga etal., 1991) with reasonable success, as is illustrated by the increase of anaerobic
reactor volumeinlast decade(Figure 4). Todate, the functioning reactor volume inthepulp
and paper industry is estimated at 115,000m3. From the various anaerobic reactor concepts
available, the upflow anaerobic sludge blanket (UASB) reactor is clearly the most successful
with an estimated market share of 75%, followed by the contact reactor with 14% market
share (Figure 5).
The basic idea behind the UASB concept is that anaerobic bacterial consortia are able to
immobilize themselves by the formation of bacterial aggregates, given that good settling
conditions areprovided. Self immobilization of anaerobic biomass inaggregates or granules,
provokes high sludge retention inside UASB reactors, facilitating high organic loading rates
(Lettinga, 1995). The contact process on the other hand, is essentially an anaerobic design
of the activated sludge process with corresponding flocculant sludge characteristics. A great
14
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majority of the existing anaerobic full-scale plants are treating non-inhibitory forest industry
wastewaters richinreadily biodegradable organicmatter suchaspaper recycling wastewaters,
evaporator condensates, mechanicalpulping andthermomechanicalpulping effluents (Frostell
etal., 1985;Habetsand Knelissen, 1985;Maatand Habets, 1987;Pearson, 1989;Rosenand
Gunnarsson, 1986). The organic loading rates achieved for these types of forest industry
effluents in full scale UASBplants range from 5 to 27 g COD/'-d 1 . The BOD efficiencies
arehigh, inmostcasesbetween75and99%, indicatingthatanaerobictreatment isparticulary
useful for the elimination of readily biodegradable organic matter. In contrast to the readily
biodegradable effluents, the number of anaerobic full scale plants applications to chemical,
semichemical, and chemo-thermomechanical pulping liquors, as well as bleaching and
debarking effluents, is limited (Pearson, 1989). In any case, some full scale plants are in
successful operation withthesekinds of wastewater (Habets and de Vegt, 1991; Prong et al.,
1987; Velasco et al., 1985). The average COD efficiencies obtained with CTMP,
semichemical, black liquors and bleaching effluents range from 29-56%. The low COD
removal efficiency reflects the fact that lignin in these wastewaters is not significantly
degraded by anaerobic bacteria (Benner and Hodson, 1985; Hackett et al., 1977; Odier and
Monties, 1983; Zeikus et al., 1982).
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Figure5. Marketshareofvarioustypesofanaerobic reactors inpulpandpaper industry.
The limitations of anaerobic treatment are strongly related to the low growth rate and
yields of anaerobic bacteria. Therefore, the recovery of the methanogenic population after a
toxic shock or the acclimatization to specific persistent compounds may be quite time
consuming. Likewise, long periods are required for 'first' start-up of anaerobic reactors,
seeded withalowquality sludge. Todatehowever, largequantities ofhighly activeanaerobic
sludge from existing full-scale installations are available, which can shorten start-up periods
considerably.
Comparedtoconventional aerobicmethods,theimplementationofananaerobicwastewater
treatment step offers some important benefits, which are reflected in the treatment costs.
Including an aerobic polishing step to remove residual VFA and compounds recalcitrant to
anaerobicmineralization, theinvestmentcostofasequentialanaerobic-aerobic treatmentplant
are generally in the same range as an activated sludge plant alone. The advantage of an
anaerobic-aerobic treatment system however is due to their lower operational cost compared
to aerobic treatment systems. Lower operational costs can be attributed to reduced energy
requirements for aeration, reduced excess sludge production and potential fuel savings from
the recovery of methane.
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Toxicity and biodegradability of pulping wastewater constituents

Introduction
The presumed susceptibility of anaerobic bacteria, particulary methanogens, for toxic
substances has been akey factor for pulp andpaper mills to opt for aerobiceffluent treatment
systems in spite of their higher operating costs. Toxicity studies which compare the tolerance
of anaerobes with aerobes, however, reveal that methanogens and aerobic heterotrophs, in
general, show similar sensitivities to toxicants (Blum and Speece, 1991). Moreover, the
identification of toxiccompounds inpulpandpaper industry wastewaters and thepresent state
of knowledge onbiodegradative potential and toxicity tolerance of anaerobic microorganisms
enablesus to select the wastewaters suitable for anaerobic treatment and todefine criteria for
effective detoxification.
Research on the toxicity of pulp and paper industry wastewaters has been based
predominantly on wood-derived pulping effluents, whereas thisthesis isthefirst report which
deals with the toxicity of hemp pulping wastewaters. Resinous compounds and lignin are the
major constituents of hemp with potential impacts on the toxicity and biodegradability of
pulping wastewaters (Table 3).

Resinous compounds
The apolar extractives of wood are known as resin. Coniferous wood resin has been
demonstrated to be highly inhibitory to methanogenic bacteria (Field et al., 1988; SierraAlvarez and Lettinga, 1990). Alkaline extracted crude pine and spruce resin caused 50%
inhibition of methanogenic activity around 50 mg//. The composition of wood extractives
strongly dependsonplant family. Terpeniccompounds are important constituents of softwood
as well as hemp extractives. Softwood extractives contain volatile monoterpenes,
sesquiterpenes and resin acids, while hempextractives, apart from volatilemonoterpenes and
sesquiterpenes also contain cannabinoids (Sierra-Alvarez et al., 1994; Brenneisen and
ElSohly, 1988).

17

Chapter 1

Table3. Themethanogenic toxicity of wood constituents relevant for hemppulping
wastewaters.
Compound

50%IC (mg//)

references

250 - 1235

[1-4]

Resin acids

21 - 400

[5-8]

Volatile terpenes

42 - 500

[8-12]

Triterpenes

> 1000

[8]

25

[8]

1170- > 10500

[7,11]

Phenolic aldehydes

1800 - 4400

[11]

Methoxyphenols

498 - 2200

[9,12]

140 - 250

[9,11]

3320 - > 15000

[11,13]

Wood Extractives
LCFA

Hydroxystilbene

Monomeric lignin derivatives
Phenolic acids

Alkylguaiacols

Lignin

1-Chouetal.,1978;2-Hanakietal.,1981;3-Koster& Kramer, 1987;4-Prinsetal., 1972;
5-Fieldetal.,1988;6-McCarthy etal, 1991,7-Patelet al, 1991; 8-Sierra-Alvarez &
Lettinga, 1990;9-Benjamin etal.,1984;10-Crane etal.,1957; 11-Sierra-Alvarez &
Lettinga, 1991b; 12-Sierra-Alvarez& Lettinga, 1991a; 13-Puhakkaetal., 1985.

Terpenes
Terpenes are among the most potent inhibitors of methanogenic bacteria present in forest
industry wastewaters (Table 3). Terpenes are commonly found in pulp and paper industry
wastewaters, such asblack liquors and foul condensates (Hrutfiord etal, 1975;Wilson and
Hrutfiord, 1975;Keith, 1976; Landry etal., 1985). 50% inhibitory concentrations range for
volatile terpenes from 42-110 mg// (Sierra-Alvarez and Lettinga, 1990). Terpenic
hydrocarbons arenot degraded inanaerobic environments (Sierra-Alvarez etal., 1990;Liver
and Hall, 1996). However, various studies have shown degradation of monoterpenes under
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aerobic conditions (Wilson and Hrutfiord, 1975; Trudgill, 1990, 1994; Misra et al, 1996;
Misra and Pavlostathis, 1997; van der Werf et al., 1997). Recently, also degradation of
monoterpenesunderdenitrifying conditions inabsenceofmolecular oxygenwasdemonstrated
(Harder and Probain, 1995). Presence of molecular oxygen or 'oxygen carriers' as nitrate,
are considered to be essential for microbial degradation of terpenes lacking ogygenated
functional groups.

CH2OH

COO

CO.SCoA

CO.SCoA
CO.SCoA

^

A
B
a-Pinene

">

\

CHO

COO"

COO"

Figure6. Twoproposed metabolic pathways for theaerobic degradation ofa-pinene.
Pathway A: Proposed pathway for cleavage of a-pinene by Pseitdomonas PL. A
prototrophic rearrangement ofa-pinene toformlimonene (a),followed bymethylgroup
oxidation toperillic acid (c)and ringcleavagemediated byaB-oxidationcycleto
3-isopropenylpimelyl-CoA (e).BasedontheresultsofShuklaandBhattacharyya(1968)
and Shukla etal.(1968).
Pathway B: Partial catabolism of a-pinene by Nocardia sp. strain P18.3, P. fluorescens
NCIMB 11671and P.putidaNCIMB 10684.a-pinene biotransformation involvingthe
formation of a-pineneepoxide(f), ringcleavageand formation of
ris-2-methyl-5-isopropylhexa-2,5-dienal (g), formation of ris-2-methyl-5-isopropylhexa2,5-dienoic acid (h)andB-oxidation to3-isopropylbut-3-enoic acid (i) (Trudgill, 1994).
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Acyclic monoterpene hydrocarbons (open chain) are typically attacked by oxygenation of
a terminal methyl group. Further oxydation of this yields a terminal carboxyl group,
amendable for 6-oxidation. Ring cleavage presents an additional problem to overcome for
decomposition of the numerous cyclic monoterpenes and sesquiterpenes (Trudgill, 1986).
Investigations on the biodegradation of cyclic monoterpenes have shown various aerobic
transformations, not necessarily leading to converging metabolic pathways (Dhavalikar and
Bhattacharyya, 1966; Trudgill, 1990, 1994). Examples of two distinct pathways for aerobic
degradation of a-pinene are illustrated in Figure 6.

Resin acids
Resinacids aremonocarboxylictricyclic diterpenes, typical constituents for the extractive
fraction of softwoods. In pulp and paper industry wastewaters, resin acids are found in
concentrations globally ranging from 2-50 mg-1"1 (Kennedy et al, 1992, Kovacs and Voss,
1992; Liu etal., 1993b; Loetal., 1994a). Concentrations however, can reach up to several
hundreds of mg per litre in effluents from alkaline pulping processes, such as CTMP
(McFarlane and O'Kelly, 1988; Habets and de Vegt, 1991).
Resin acids cause methanogenic inhibition at low concentrations. The reported 50%
inhibitory concentrations for acetoclastic methanogenesis range from 21-235 mg// (Field et
al, 1988; McCarthy et al, 1991; Patel et al, 1991; Sierra-Alvarez and Lettinga, 1990).
Within the anaerobic microbial consortium, acetoclastic methanogens, which account for
approximately 70% of the methane produced during anaerobic fermentation (Gujer and
Zehnder, 1983), have been shown to be the trophic group most sensitive for resin acid
inhibition, while acetogens and hydrogenotrophic methanogens seem to be less inhibited or
even unaffected (Patel et al., 1991; Patoine et al, 1997).
Resin acids are lipophilic compounds, poorly soluble in water. Concentrations of resin
acids encountered in pulp and paper industry wastewaters exceed by far the aqueous
solubilities of the individual resinacids (Nyren and Back, 1958). Themajor quantity of resin
acids in pulp and paper industry wastewaters therefore, is not solubilized, but present as a
separate phase, accumulating in micelles (Drobosyuk et al, 1982) or adsorbed on fines
(McCarthy et al, 1990) and colloidal particles (Hoel and Aarsand, 1995).
Aerobic treatment of pulp and paper industry wastewaters has proven to be successful in
the extensive elimination of resin acids (Lo et al, 1994a, 1994b; Liu et al, 1993b; Yuan
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etal., 1993;Zender etal., 1994). Typically, more than 90% of the resin acids are removed
using activated sludge systems (Liu et al., 1996) or aerated stabilization basins (Stuthridge
etal., 1991). For anaerobictreatmenthowever, incomplete removal ofresinacidsisreported
(Bissaillon etal, 1991; Anderssonetal., 1987;McFarlane andO'Kelly, 1988;Schnellet al.,
1990), ranging from 44-76% (Stuthridge et al., 1991;Patoine et al., 1997).

AEROBIC

ANAEROBIC

>
Chemical oxidation

Biodegradation

Adsorption

Biotransformation

Figure7. Fateof resinacidsinaerobicandanaerobictreatmentplants.

Duetothelimited solubilities andtheir hydrophobic nature, resin acids areeasily retained
on suspended solids. Sorption ontobiomasstherefore, isthe first step inthe removal of resin
acids in biological treatment systems (Hall and Liver, 1996). During aerobic treatment,
subsequently, biodegradation isthemainremovalmechanism, whileadsorptionof resinacids
ontothebiomass isonly important, when short sludgeretentiontimesareattained (Liu etal.,
1993a, 1996). Chemical oxidation of resin acids during aeration is confirmed, but has been
shown to be of minor importance (Figure 7).
Non-acclimated activated sludge inocula and mixed consortia of river water microorganismshave been showntobe capable for aerobicbiodegradation of resin acids (Hemmingway
and Greaves, 1973; Liver and Hall, 1996). Additionally, various resin acid degrading
bacterial strains have been isolated (Bicho et al, 1995; Mohn, 1995; Wilson et al., 1996;
Morgan and Wyndham, 1996; Zhang et al., 1997), as well as some fungi capable for resin
acid degradation (Kutney et al, 1981a, 1985, 1988; Blanchette et al, 1992; Wang et al,
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1995). Some metabolic routes proposed for the aerobic bacterial degradation of resin acids
are shown inFigure 8. Aerobicdegradation, globally, concernstheactivationof thearomatic
rings by oxidation and hydroxylation reactions at C-3, C-7, C-ll and C-12 positions,
followed by aromatic ring cleavage, yielding intermediates which are amendable for further
degradation.

Activation

Cleavage
COOH

COOH

^ \ ^ C O O H

W^COOH
COOH

|
L

^^COOH
-^COOH

I

^^COOH

COOH

COOH

Figure8. Proposedpathwaysfor aerobicbacterial degradation of resinacids.
Pathway A: Degradation ofdehydroabietic acidbyFlavobacterium resinovorum
(adapted fromBiellmannetal., 1973a).
Pathway B:DegradationofdehydroabieticacidbyPseudomonas sp. and Alcaligenes
eutropus (adapted from Biellmannetal., 1973b).
The literature does not provide a clear consensus on the fate of resin acids during
anaerobic treatment (Figure 7). Adsorption onto the biomass has shown to be a major
removal mechanism (Hall and Liver, 1996; McFarlane and Clark, 1988; Patoine et al.,
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1997). Applying non-acclimated sludge inocula, no significant mineralization of resin acids
was observed (Liver and Hall, 1996; Sierra-Alvarez et al., 1990). Biodegradation of resin
acids inbatch assays as well as continuous anaerobic treatment has been claimed by others,
but the claim was not supported by conclusive data on mineralization products (Tavendale
et al., 1997a; Tavendale et al, 1997b; Patoine et al., 1997). Several biotransformation
products were observed during anaerobic incubation of deuterium labelled DHA with lake
sediment collected downstream from ableach kraft mill (Tavendale etal., 1997a; Tavendale
et al., 1997b). Some of these biotransformation products were observed also during
continuous anaerobictreatment of aresinacid containing wastewaters (McFarlane and Clark,
1988). Thebiotransformation productsdetected, indicatedecarboxylation and hydrogenation
of double bonds as well as aromatization reactions (see Figure 9). Additionally, a pathway
for the anaerobic microbial formation of retene from DHA has been proposed (Figure 10).

Native resin acids

Transformed Resin acids
Monoenic

Resin Derived Neutrals

Saturated

,L
"COOH

abietic acid

COOH

13-abietenicacid

"COOH

abietanic acid

"COOH

dehydroabietin

dehydroabietic acid

retene

Figure9. Structuresofanaerobicbiotransformation productsofresinacids
(McFarlane andClark, 1988;Tavendaleetal, 1997a).
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Cannabinoids
Cannabinoids are terpenophenolic compounds typical for the hemp extractive fraction,
withademonstrated antibiotic activity towardsgram positivebacteria (Krejci, 1958;Kabelik
et al., 1960; van Klingeren and Ten Ham, 1976; ElSohly et al., 1982). The minimum
inhibiting concentrations of delta-9-tetrahydrocannabinol and cannabidiol for staphylococci
and streptococci inbroth were shown tobe inthe range of 1-5 mg//. Inthesame range, both
compounds are also bactericidal for Staphylococcusaureus (van Klingeren and ten Ham,
1976). The lipophilicity of cannabinoids is illustrated by the log octanol/water partition
coefficient ofdelta-9-tetrahydrocannabinol, whichisreported tobe3.20 (Anonymous, 1979).
Beinghighly lipophilic and practically insoluble inwater (Merck &Co, 1989; PSGB, 1978),
cannabinoids will tend to partition onto organic material and bacterial membranes.
Biotransformation of cannabinoids, aimed at evaluating their pharmacological properties,
wasstudied inmammalsandmicroorganisms (Archer etal, 1979;Rosazza and Smith, 1979).
Mammalian metabolic conversion of THC leads to a number of mono- and dihydroxylated
derivatives. Microbial transformation studies have shown a large number of microorganisms
capable for aerobic transformation of THC, whereas the yields of cannabinoid conversion
products indicate that at least some organisms are capable for considerable conversion of
THC (up to 75%) to noncannabinoid degradation products (Binder and Meisenberg, 1978).

HOOC

C0 2 , CH 4 , H 2

DHA

Retene

Figure10. Anaerobicmicrobialtransformation ofDHAtoretene(Tavendaleetal.
1997a).
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Lignin
Lignincontent isthemain factor determining thebiodegradability ofpulping wastewaters.
Native lignin is highly resistant to bacterial degradation under anaerobic as well as aerobic
conditions. Molecular weight is an important factor determining the recalcitrance of lignin
towards biological degradation. In nature, ligninolytic fungi are almost exclusively involved
in the initial attack of high MW lignin, utilizing extracellular oxidative enzymes and active
oxygen species for cleavage of intermonomeric bonds, yielding depolymerized products of
lower molecular weight, accessible for further degradation (Kirk and Farrell, 1987; Young
and Frazer, 1987; Schick-Zapanta and Tien, 1997).
The distribution of dissolved lignin fragments in pulp and paper mill wastewaters covers
abroad molecular weight range from 100upto sometimes 100,000daltons (D). In anaerobic
habitats, monomeric (Healy and Young, 1979; Kaiser and Hanselmann, 1982; Grbic-galic,
1983; Sierra-Alvarez et al., 1990) and dimeric (Zeikus et al., 1982; Chen et al, 1985a,
1985b, 1987) lignin derivatives are readily degraded by methanogenic consortia. Various
studies with lignin dimers show that all intermonomeric bonds, present in lignin, can be
cleaved anaerobically (Zeikus et al., 1982; Grbic-Galic, 1983; Chen et al, 1985a, 1985b,
1987). Recently, alsothedegradation of ligninmonomersunder nitrateand sulphate reducing
conditionswasdemonstrated (PhelpsandYoung, 1997).Anaerobicdegradationof oligomeric
lignin model compounds on the other hand, has been demonstrated, but was restricted toan
upper limit of 600-1000 D, corresponding to 3-7 monomeric units (Zeikus et al, 1982;
Colberg and Young, 1982; Colberg and Young, 1985). The results suggest that as long as
there is cell uptake these compounds can be metabolized.
Aerobic bacterial degradation of lignin, like anaerobic biodegradation, is also restricted
by the size of the lignin oligomers. Complete degradation of lignin tetramers (MW 650 D)
was reported during aerobic incubation with a mixed bacterial enrichment culture (Jokelaet
al., 1985), while a maximum molecular weight of 600 to 1000D was reported by Kern and
Kirk (1984) for partial mineralization of radiolabelled lignin oligomers by a Xanthomonas
strain. An overview of various aerobic bacterial strains capable of degradation of lignin
derivatives, has been presented by Zimmermann (1990).
Only low molecular weight lignin derivatives are expected to exert noteworthy inhibition
of methanogenic activity. Separation of wastewater lignins by ultrafiltration, showed thatall
methanogenic toxicity was present in the low molecular weight fraction. The lignin fraction
over 10,000 D was completely free of methanogenic toxicity (Sierra-Alvarez and Lettinga,

25

Chapter 1

1991b). Analogous with the effect of MW on tannin toxicity, 1000 to 3000 g-mol"1 is
considered the upper lignin MW limit for inhibition of the methanogenic activity by lignin
derivatives (Field etai, 1990). High molecular weight compounds are considered tobetoo
large for penetration of bacterial cell wall and adjacent slime layers and therefore relatively
non-toxic for methanogens. Low molecular weight lignin compounds differ considerably in
their inhibitory potential, as is indicated by the wide range of 50% IC data for monomeric
lignin derivatives listed in Table 3, ranging from 140 to more than 10,000 mg//. Lignin
derivatives with aldehyde groups or apolar substituents are the most toxic to methanogens,
those with carboxylic acid groups on the other hand are only mildly toxic.
Depending upon the structural properties of lignin derivatives, two mechanisms of
bacterial inhibition canbe observed. Polyphenolic lignin derivatives, readily available inthe
bacterial micro-environment due to their relatively high aqueous solubility, are considered
to constrain metabolic processes by the formation of H-bridges with enzyme proteins, in a
similar fashion as tannins. More lipophilic phenolic compounds on the other hand, may
partition into the cell membranes, where they can cause damage to the membrane structure.
In support of the latter mechanism, are the strong correlations between the hydrophobicity
of different phenolic compounds and their toxicity towards methanogenic bacteria and
bacteria present in activated sludge systems (Sierra-Alvarez and Lettinga, 1991a; Beltrame
etal., 1988).

Scope and structure of the thesis
This thesis describes research on the sequenced anaerobic-aerobic treatment of hemp
pulping wastewaters. Discharge ofnon-wood pulpmilleffluents compriseaconsiderableload
withorganic material for receiving surface watersand aquifers. The absenceof adependable
and cost-effective chemical recovery system for the treatment of non-wood pulping liquors
emphasises the importance of biological treatment methods. The main objective of the study
reported inthisthesiswastoinvestigatethesuitability ofbiological methodsfor thetreatment
of hemp pulping wastewaters.
Hemp pulping wastewaters contain various toxic and recalcitrant compounds. Regarding
the treatment of pulping wastewaters, the biodegradative capacity of anaerobic and aerobic
microorganisms are different. Whereas terpenes are readily degraded aerobically, anaerobic
microorganisms lack the potential for biodegradation of these inhibitory compounds.
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Sequential anaerobic and aerobic treatment of hemp pulping liquors was studied for the
removal of BOD, COD and toxicity. Research was focused on the fate of natural hemp
constituents during biological treatment steps, with emphasis on the methanogenic toxicity
of hemp extractives and the modification of lignin.
The papers of this thesis demonstrate the suitability of sequenced anaerobic-aerobic
treatment. The combined biodegradative capacities of anaerobic and aerobic bacterial
communities for removal of persistent organic compounds and toxicity are utilized, while
maintaining the benefits of anaerobic fermentation for the bulk of the BOD removal.
Chapter 2 examines the contribution of extractives to the toxicity of hemp black liquor.
Chapter 3 and 4 evaluate sequenced anaerobic-aerobic treatment for the removal of organic
pollutantsanddetoxification ofhempblackliquors. Upfront dilution oftheinhibitory influent
with effluent of the aerobic post-treatment, was applied as a detoxification measure.
Additionally, Chapter 4examines modification of ligninduring anaerobic-aerobic treatment.
In chapter 5, the continuous anaerobic treatment of non-inhibitory hemp TMP wastewaters
is described, including the modification of lignin molecular weight during anaerobic and
aerobic post-treatment. Finally, in chapter 6, the implications from this research are
discussed with regard todetoxification andmodification of lignin during biological treatment
of hemp pulping wastewaters.
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