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APPLICATION OF FUNGI AND FUNGAL PRODUCTS IN BIOPULPING
PART |: BIOPULPING OF WQOD

Francois Wollaardr®*. Chris Rabie** and Mike Wingfigld**¥*

Biopulping is5 o selid-substrate Farmentation [SSF) process where fignocellulosic materials are treated with fungi prier to pulpin
to improve pulping. Research hos focussed on the utilization of lignin degrading fungi for biopulping, but the only commercia
process corrently ovoilahle, utilizes Ophiostome piliferum, o sap stoining and not o lignin-degrading fungus. Filamentous fungi
ara well odepied for biopulping because of their ability to penelrate ond transfer enzymes infto the woody substrate, but because
biopulping is o SSF process, it requires control of remperarure, moisture and aaration. Biopulping hos been evaluated for
imprevemant of mechanical and chemicol pulping os well as for depitching and the control of degradation of the weod. Tha
diversity of these pulping processes requiras thot different S5F processes should be developed te achieve unique benefits. The
nim of these reviews, is to consider the work done on different pulping methods and to elucidate the bensfits and economic

implicarions of biopulping.

Inmopucnion

Biopulping has been defined as the treatment of ignocellulosic
materiale with lignin-degrading fung prior to pulping'. This
definition stresses the use of lignin degrading fungi. However,
it has been demonstrated that a biopulping effect can also be
achieved with Ophiostoma piliferum, a fungns that does not
degrade lignin®™, Improvement of biopulping by O. pififeruan
has been achieved through the reduction of wood extractives
to improve penetration of pulping chemicals. Wood chips have
atso been treated successfully with fungal enzymes 1o improve
the penetration of pulping liquor*®. The process that uiilizes
lignin degrading fungi as well as the process based on
0. piliferum have been developed 10 o stage where they can be
applied on a mill scale®’, These procedures are aimed at the
reatment of wood chips in a solid-substrate fermentation (S8F)
process. Filamentous fungi are ideally suited for biopulping
becmise of their ability to penetrate and transfer enzymes inlo
the woody substrate™

Despite the unique ability of fungi to successfully modify wood
and to improve the pulping process, bivpulping is hampered
by several obstacles that require engineering and manzgement
solutions' 197 One of the most imporiant problerns is the control
of competing microorganisms. Fung such as Trchoderma spp.
and Aspergillus spp. are important in this respect™'=, bul pre-
sterlization of wood chips is regarded a8 uneconomical®. Freshly
cut wood also contains inhibitory compounds such as
monoterpenes, to which white-rot fungi are especisally
susceptible >4, A certain measure of asepsis of wood chips
as well as reduction of the mhibitory compounds in wood can
be achieved with a brief steam weatment'-. The S5F process
occurs outdoors on chip piles during the normal storage, but
the fimgi that are recommended for utilization, require a relatively
controlled environment for growth. Special measures to control
temperature, moisture and aeration must, therefore, be mkenh!t,
The engineering problems that have to be considered in the
development of SFF processes have been discussed m detail
elsewhere'? and they will not be repeated here.

The special requirements of S5F apply to all of the biopulping
methods. However, the specific processes of biomechamical
pulping, biochemical pulping and pitch comirol all have imigque
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reguirements to obtain different benefits. Differenr rypes of
fungi are used to achieve the specific aims with each
mathod?41LIAITI818 and npocess parametess nead to be changed

BiomecHaNicAL Putpin

Mechamical processes are responsible for 25 % of the worldwide
production of pulp!. Mechanical pulps are characterized by
their high wield, that is obtained at the cost of high energy
mpute™, These pulps also have a reduced strength compered
to chemical pulp. The aim of biomechamical pulping is, therefore,
to reduce the energy consumption during pulping and to improve
pulp sirength®. Development of such a biopulping procedure
has mamnly been focussed on thermomechanical pulping where
wood chips (which are asier to treat than roundwood) are used.
The benefit of biomechanical pulp is that it has similar properties
to that of chemithermomechanical pulp®. Tt could, therefore,
compete with this type of pulp for a share of the world market.

The biopulping consortia of industry and universities at the
Forest Products Laboratory of the USDA Forest Service
developed a method of biomechanical pulping over & period
of eight vears [15]. Certporiopsis subvermispora was identified
a5 the most efficient fumgus for biopulping of soft and hardwood.
A United States patent was issued for this method™. Application
of C. subvermispora on Pinus faeda resulted in 8 42 % saving
in energy, 32 kN/g improvement of burst index aad 67 mN
/g improvement of tear index'?. A reduction of pulp brigitness
was experienced during initial trials, but this problem was
salved by bleaching with alkaling hydrogen peroxide or sodium
hydrosulphile. Brightness stability was lower than refiner
mechanical pulp, but higher than chemithermomechanical palp.

Several parameters for efficient S8F with C. subvermispora
were also optimized's. Mycelial suspensions of the fungus as
well as pre-colonized chips were effective biopulping inocula
and aerartion was required, but at a low flow rate. One obstacle
was the inability of C. subvermispora to colonize unsterilized
wood chips'!, notwithstanding sarlier statemenis that this fimgus
could be applied to unsterilized chipe™. Phanerochaeie
chrysosporium, on the other hand, was able to colonize
unsterilized chips at its optimal growth temperature of 39 °CV.
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Fhanerochaete chrysosporium was, however, less efficient than
C. subvermispora to. improve pulping. Stcaming wood chips
st afmospheric pressure resulizd i a sufficient degree of ascpsis,
to allow C. subvermizpora to colonize chips. Economic
evaluation of a biomechanical pulping process showed thut
treatroent of chips in a packed bad reactor vielded & rotum oo
investment of 21 % before lax. Howcver, when a chip pile
based system was used, the retumn oo investment was &t least
106 % These calculations were based on un industrial chip pile
that had heen modificd to regulase moisture and temperatore.
The packed bed biorcactor consisted of a bed of chips that had
been designed to control process conditinns, but required laper
capiial investment'*.

A major variabla cost factar in the economic evalpation of
bicpulping is the coxt of inoculum®™, Injdal studics showed
that 2 very high inoculum dosage of 3 kg/ton wood (dry weight)
required for sfficient hiopulping. It was then discoversd
that corn sieep hiquor (CSL) could be nddcd as an inexpensive
nutrient source to improve colomizarion”. By adding CSL., the
moculum requirement was reduced to 0,25 giion wood's,

Amalysis of the waate water from the first pass of treated aspen
chips through the refiner indicated that biopulping had reduced
the environmenial impact'®, The woxicity was substantizfiy
reduced Wa chemical meygen damand (COD) values wers
higher. The inorcaze in COD values was ascribed W the relegge
of products rculting from lignin degradation by the fungi.

In more recent developments, Phlebiapsis gigantea hes heen
idenmtified as a fimgus that can potentially be applied for
biopulping'®. Thir fungus is able to grow on & variety of hard
and softwroods and, becanse it is a primary colanizer of fresh
wood, it can compete effectively with conteminating microbes.
The fongus cam grow well ot 1emperatores ps hiph as 37 °C,
Phiebiopsiz giganteq offers protection against bluc siain and
iz alvo able to reduce the extractives content of wood by up fo
69% Stndies have shown that this fongas can be appli=d to
logs direcily after fellmg, therchy allowiny biopulping o start
in the forest®

Treatment of Pomus saadn and £ rexinose wood with Phiebiopsis
glganieaesulted in rednced energy consumption during refiming
(op to 27 % on P resinose). Burst strength {17 %4}, tear strength
(20 %) and tensile strength (13 %) were mmproved, but pulp
brightness was rodaced™. This technique to wear logs instead
of chips eould lead to significent savings, becanse chip
sterilization and chip pHe asTation is not requirsd.

Biocremicas Puirivg

The application of biopulping in chemical pulpmg has not been
researched to the same extent as biomechanical pulping?
Huowever, the offcct of fungal treatment on wood has been
mmnignwd for the two most important chemical pulping
methods namsly krafl and 5qu.11ac pulping® as well as

RTINSOV pulpmgl’

Biosolphite pulping with white-ret fangi
The vse nt[‘mhh:ltepulnm;has declined 10 recent vears. R s

a process that takes place in an acidic polping liquor that
contams a high peroentage of free sulphr dioxide™. The sulphite
base miay be calcium, sodium, magnesium or ammonia. Two
regcarch one bascd in Anstris®® and the other in the
U.5.A.%, have focussed on the biological weatment of wood
priog to sulphite pulping. Scofr &7 o ® huve evainated the effect
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of fungal treetment on P, taeda chips for differcnt sulphite
of C. subvermirpora and pulped in & semi alkaline sodivm
based suiphire as well as an acidic caloium sulphite process.
The first process resulted m pulp with a ksppo numnber that was
reduced by 27 % compared to the untreated camirol or,
alteruutively, 8 30 min shorter pulping time to reach the same
kappa number. A significant reduction of yield (3,5 %) was
plso observed. Similar resulls were obtained with both fimgal
straing, byt soain CZ-3 resulted in the preatsst improvement
whes the calchum besed method was used. The kzppa nomber
of caleium sulphite pulp was reduced by 49 %, while the yield
remained similar to untrealed wood. Ao altermative benefit was
pulping time that was reduced by 36min. The improvement by
the fungsl pretreaiment was ascribed to degradation of Tignin
or its modification for caster ramoval. 1n these trale, no changs
mwmwmmhm
commented that € sufvermispor was selected for

in biomechanical processes and that it tmight not be the most
suitable organism for biosulphite pulping®.

The potential of fungzl pretreatment of wood chips for
mepgnesium based sulphite pulping has been demonsirated m
collabaratiog with Leylam-Mitnzteicr (now Sappi Gratkorn .,
It was found that severn! fungi were able to reduce the kappa
number of birch pulp and also increase bnghiness of pulp, but
with 2 loss of strength_ Tt wax aleo observed that the beneficial
wifect for biochemical pulping was obtained by a different
mechanism from biomechanical pulping. The effect of fangal
trestment on mechamcel pulping was ascribed o the reduction
of the binding cepacity of fbres. In chemicul pulping. the
bencficial effect is cansed by an increase in lignin solubilin®,

Biokraft pelping with white-rot hesgi
Eraft pulpmeg is an alicaline procese with cooking liguor that
contzing sodium hydroxide and sodiom sulphide™. Kraft pulping
wecounts for 80 % of the world chemical pulp production®.
Bickr=ft pulping has, howover, been restrictsd to stucies using
blue-stzin fungi?, studies utilizing white-rot fungi on
hardwood® 2%, snd one study on softwood', Valusble
information does, bowever, exist on the kraft pulping propertias
of sofierood that has buen decayed by white-rot fungi under
natural conditions™*. These studies focussed on the effect of
wond {rom decadent stands on krzft pulping parsmeters. The
degradstion of wood occurrad under uncontrolled conditions
and resulis ezn, therefore, only be applied to biopulping to a
birrited entent. The most obvious benefit of fimgal pre-treatment.
1s the reduction of lignm contcnt™"* or alternatively reduction
of the pulping Lime™_ These improvements also seem 1o be
associstad with reduction in polp yield™™ snd increased chermical
congumpkion=2,

In one study, aspen chips were compressed into bales after
application of Phanercchaete chrysosporium inoculum and
covered with foil*!, Suffcient fimge] growth was obtained with
thit method without the sddition of nutricnts, sterilization of
chips or swingent control of incubsticn condizions, However,
Lhe cost of strapping and foil wrapping was not specified. Some
ioss of wood muss occtrred during incobation, but changes in
puip yield was nol determmead. The strength properties of puln
from weaied woond were improvsd and freeness as well as
brighmess was reduced?!.

Crar own =udies on the kraft puiping of softwood treated with
Stergum hirsutar showed a snhetantial reduation of the lignin
vomtent of pulp'®. Pina chips were treared for three weels and
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pulping conditions varied to determine the optimal pulping
conditions for finpal treated wood. Under optimal conditions,
& 30} % reduction in kappa number was observed. Polping fime
could also be reduced to obtain pulp with the same kappa
number s2 the contral which could be translated io increased
pulp production. Howaver, due to non-selective deligmfication
that occorred, the pulp vield was reduced. Most of this reduction
in yield occurred a8 loss of wood muss belore pulping, but
some of the reduction also oceurred during pulping. The degree
of polymerization was not negatively influenced by fungal
action, but was found to be a factor of kappa number. The most
important disadvantage of this process was an increased alkali
consumption'?, It is, however, possible to reduce the use of
chemicals durmg the hleaching stages when pulp with a lower
kappa number is used®.

One of the more recent developments to reduce the
environmental impact of the pulping industry has been the
application of organosolv pulping. Organic sulvenls such as
ethanol are utilized to eliminate toxic sulphur-contaiming
wastes®’, Fungal treatment of small samples (15 g) of aspen
wood can be combined with aqueous-ethanol pulping to reduce
kappa number {Table 1). An increase in yield was ohiained
with this method, because an apparent increase io cellulose
yield occurred during pulping. However, wood mass was reduces|
by all three of the funpgal strains used and when vield was
calvulated on & mass balance basls, celluloss vield was reduced
{Table 1). Selective delignification was, nonetheless, still
improved during biopulping and yield increased by two
percentage points when wood treated with Trameles villosus
was pulped to the same kapps number as untreated wood?.
This biopulping process has, to our knowledge, nol been scaled
up.

Biorurring wir Cartapir®

Op}ﬁmmma piliferum is a primary coluniser of softwood and
is also involved in sap staining®. A melanio deficient strain of
this fongus® has been sold commercially since 1920 and is
curently the anly fungal product thal is available for commercial
" biopulping’, The inoculum consists of lyophilized mycsliom
and conidia and is sold under the trade name Cartapip®97,
Cartapip® is suspended in fresh water and sprayed onto wood
chips before stacking®!. The fungus is able to colonize freshly
cut wood and utilize sugars and extractives in the wood, bul is

AAFT oA

unable to degrade cellulose or lignin®' . The fungus colonizes
waood via ray parenchyma cells and resin canals and disrupts
pit membranes®_ It is, therefure, applied to control staining and
decay of wood chips, reduce pitch m mechanical pulp and for
biochemical pulping’. An incubation time of seven Lo fourtsen
days is required to achicve any benefit.

Ophipstoma piliferum (Carlapip®) was the first fungus to be
applied commercially in a biopolping process™, Cartapip® was
develop in eollaboration with Bear Island Paper Company
(BIPCo), a thermomechanical pulp mill¥%. The mill has applied
Cartapip® since 1991 and obtuins the same benefits that were
previously obtained by aging of chips®®. However, with Cartapip®
no logs of brightness dus to chip staining occmred”.

At pulp mills, the storage of wood chips is preferred to the
storage of logs, because chips are more economical to handle®
However, during prolonged stovage, contamimating fungi cause
a darkening of chips that leads to decrcased brightncss of
thermomechanical pulp*®. One of the characteristics of
. piliferum is, that it is a promary colonizer that can compets
strongly with other [ungl on freshly chipped waod®. The
contaminating fingi include sap-staining as well as decay
fungi**. By reducing staining and decay. apphication of Cartapip™
izan reduce the bleaching requirement of pulp and foprove pulp
yield The fungus grows in tracheids, ray paresobyma cells and
resin ducts while metabolizing extractives. The disruption of
parenchyma cells weakens the binding of tracheids, thereby
allowing easier separation of wood fibres®®. The benefit of
loosened fibres is that energy is saved during mechamical
pulping.

At BIPCo, approxmately 1200 toms of freshly cut, unsterilized
southern yellow pine (50 % P. faede and 30 % P virginiana}
chips are ireated per day with Cartapip® at a screw conveyor®.
Incubation occurs on an unmoditied chip pile for 14 days”, but
the chip pile is managed by tuening it, to prevent overheating,
Biopulping resuited m improved brightness (0.9 %), tensile
strength (5.4 %), tear strength (3,4 %)® and burst strength (3,3
%4)". Pilot trials with B fmedda havve shown that it is also possible
to reduce the energy requiremnent for mechanical pulping with
application of Cartapip®™ ", For the same cnergy input, pulp
with a greater tensile strength wag obtained. Fibre length
increased and fines were reduced o lab scale trials during the
same study.

di
Biopuiping Fungus Wood moss  Cellulose ﬁald; Kappi no. m“iww of compounds, found
fal (o) i wood, are sotublc in peutral organic
m e} '[iﬂ ?" lg,ﬂ Sﬂhfﬁ'll.:l or waler, These ml lllﬂ_dE e
chryxosparim lﬁd:iq;i 137 70 129 collectively caib-:l nxu'_wum or piteh™.
Change (V) 45 SiF] 348 Wood extractives are important canses
of production and quality problems in
Fhanerochaets 0 days 150 79 123 pulp as well as paper mills®. Pulp
g Vi days 147 &) 149 produced from wood with high pitch
Crange (%) .= A9 28 content has reduced strength* and
Framerar 0 days 50 k] 197 optical mup:i'ﬁcs’“. The presence of
il 15 doys 143 i 15,1 extractives in pulp could also iead to
Change {%) 48 4.6 234 breakage of shiects on paper machines*?,

*“Besed on the mass balencs that indudes loss in woed nsass.

Table 1. EHect of different | trectments on the wood cellvlase yisld ond ko
ll.ll'l'l;ﬂl dhﬂﬂhdﬂi'pll'l mludupladfrﬂngl s e
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Ome of the methods evailable & control pitch, s the application
of Certapip® to stored wood chips bafivre puiping®. The fangus
reduces the amount of pitch in the wood by metabolizing 1%,
Treatment of somthem vellow piae chips at BIPCo reznlted in
reduction of triglycerides snd resin acids”. The diminighed
extractives content (-37.5 %) reduced the requirenent for alum
(-31.7 %) to control piich: while the contrl of chip discolourstion
resulfed in a redoction in the uee of bleaching chemicals (-36.9
%), Application of Cartapip® reduces the time thar chips have
to be scasoned to reduce extmctives’, The wood mventory can,
therefore, also be reduced 1o save moncy. The effect of Cartapip®
on the extractives content of wood from ather soft- and hardwood
species has also been determined (Table 2). The extractives
content of wood fram all these species was reduced by at least
11 % comnpared to fresh chips, This improvement was aot a5
high when compured to sged chups, but the improvement was
achieved in a shorter time (Table 2).

pulping chemicalk into chipe, therehy increasing chemical
porosity of wood, which allows faster pegetration of pulping
chemicals, by the conepmption of pitch and oponing of pit
mernhranas? Smaller amounts of chemicals and shorter pulping
limey ure, therefiore, required.

In one study, 10 tone of white fir (4bies comcolor) chips were
treated with ip* amd pulped by means of 8 suiphite
process?, The K-number of pulp was reduced by 3.2 . Pulp
yield and viscosity increased by 4,2 % and 32 % raspectively.
These results illustrated that extractives were more importam
pulping s in kneft puiping®.

Mill-s¢ale trials for blozulahite pulping of sspem wood heve
shown that K-mumsber of imhleached pulp was reduced by 7 %
while the amount of rejects was reduced by 12 % und the
visposity increased by 19 % 7. An increase of 1 % in brightmess
of unbleached pulp bas contributed to a 7 % to 10 % decrease
in consymption of bleaching chemicals. One of the downstream
‘benefits was the reduction in use of sizing agents that conld
Translate to a saving of TS$ 6 per ton of palp’.

Biokrafi pulping trials with Cartapip® on hardwood heve onky
been completed om laboratery scale®, Up to 20 % rednotion in
or, alteenatively, pulp was produced with a 29 % lower kapna
mumber under the same pulping conditions”. Viseosity tmpraved
when fungel trealed saroples were pulped to the same kappa
number a5 control samples®. Pulp yield remained unchanged,
because (). piliferum s nnable to degrade cellulose”.

Small sernpiles {500 g) of fresh softwood chips have been tressed
with Cartapip® for keaft pulping?. Samples that comtainad 702
P banksiane and 30 % Picea ables were treated for two wooks
to produce pulp with a reduced (12 %) Kappa number. Less
active chlorme (% %) was required in the DVC stege during
biesching of the pulp in &n O-1)/C-Eo-H-D bleaching sequence?.
The pulp also respemded hetter to refining,
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Reductian in extrodives matont (%)
Speries (nmpnred to frash chigs ~ Compersd to oged drips
Southen Yallog Fine a )
Jock Fios {P bowksdonn) 31 s,
Reediata pins (P radisia) I ]
Rad Pine {F: resinose) = n
Hambodk H L]
Ao ) - X
g |
Cottoawood 40 14
Bivch (Betulo sp.} 3 1

Hl!.&dulmﬁw“m-uﬂu-d
trum diflerest spedes (adopied fom 7).

Conausions

The potential of Mopulprng has been evaluated for most palping
methods and raw materials that sre wsed for the production of
paper pulp. It is clear that different fungi are suited to each
process and that these processes must be adapied to achieve
the full potential of an environmentally frendly technalogy. It
has been demeonstrated that biopulping offérs some fexibility
fiosr instemce, be adaped w produce chemical pulp with lower
Ligmin content or the pulping ime can be reduced to inoreass
productinn®i3.

Ceriain negative oifegiz such as inerpased chemics!
consurption’3 and reduction in vield bave, imfortunaraly, also
heen asennolated with certam hiopulping processes, However,
these probliems could in must cases be aseribed to the atilization
of fungl that were not suitable for the specific type of pulping
or S5F that was oot conducted wmder opimal conditions.

Utilization of fongi thal are more selective in the degradation
can, for example, improve the pulp yields. It was found that
I.nm:l.bit[un time plays an important role in selective
delignification of wood® and that with long treatmerrt times
degradation becamne less selective. Treatrment tme will, therefore,
play a significant role in the success of an industrial biopulpmg
PrOCESS.

The most important faciors to be considered in the design of
a biopulping process inchade the choice of organism, degree of
asepsis, gize and type ofinoculurn, comvirol of physival conditions
such as tempersture and seration, as well as the addiiion of
mrtriems™, This the most uportant design factors for biopulping
are similar to those © be congidered for all 88F procedures,
The economical viahility of biopmiping iz detertnined by two
contributing facters. The most important capital investeent, is
thet reguired for the modification of the chip pile to allow S8F'
and the mosi important variable cost item, ie that of the
mnculmnnﬂ

Envircomental benefits of biopulping haye been demonstratad!s,
buot unfortunately, anvireamentsl benefits are ofton diffienlt o
quantify. Application of biopulping i, therefowe, only considered
o the bagis of economic bepefis and the modclling of pulping
processes i required for the prediction of the econaric bensfits.
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