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ABSTRACT: Biopulping tbe&nguL peament of wood cbi$sprior 
to mechanical n$ning is un txperimendpulping method that 
commes energy andproducespaper witb enbancedphysicul 
propertzes. Tbis snrdy mmines the toxzkiq and biocbemicul oygen. 
h n d  (BOD) of ejluentspompulps incubated witb either 
Phanerochaete chrysosporium or Ceriporiopsis subvermispora, 
two of the most flectivefingi screenedfir we in biopu@ing. E f l m ~  
j?omJ;Lnp-mutedpu&s were substantid+ less toxic to qwtic l$ 
and bad sligbtb higher BOD than @uenkfim untreatedpulp. 
Tbesejndinp sugext tbat biopulping is environmentaL$ computible. 
KEywoRDs= Biobgical tem, BOD, chemical qgen dkmdnd 
ecohgy @wt watmen4 @ma mechanicalpzllps, polution, 
Populm, toxkity 

iopulpingis an experimental pulp B ing method that conserves energy 
and produces paper with enhanced 
physical properties (1, 2). The envi- 
ronmental impact of this experimental 
process has not yet been determined, 
although there is a clear need for re- 
search in this area. Fungal metabo- 
lites or other biopulping by-products 
could substantially alter the waste load 
for mills switching from refiner me- 
chanical pulping (RMP) to biopulping. 
This study examines the levels of bio- 
chemical oxygen demand (BOD), 
chemical oxygen demand (COD), and 
toxicityto aquatic life in effluents pro- 
duced from refiner pulping of aspen 

dipswith andwithoutfungal pretreat- 
ment. The results were compared in 
an effort to assess the environmental 
compatibility of biopulping processes. 

Screening studies have identified 
Phanerochuete chrysosporium and 

of the most effective fungi for use in 
biopulping. Both fungi are natural 
wood-decay fungi with no known toxk 
or pathogenic properties. Aspen chips 
were treated with either of these fungi 
prior to rehing, and untreated efflu- 
ents from these pulps were compared 
with effluent from conventionally re- 
fined aspen chips. 

ce?iporiGpsis subvm*m as two 
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Background 

High-yield mechanical pulping pro- 
cesses release organic materials (sug- 
ars, low-molecular-weight lignins, 
extractives) from wood, and these ma- 
terials appear in the effluent stream 
(3). BOD is a measure of the oxygen 
required to oxidize organic materials 
through the action of microorganisms. 
Untreated effluent s t r m s  from pulp 
ing contain varying levels of BOD, de- 
pending on wood species, pulping 
method, and pulp yield (4, 5). A high 
level of BOD is detrimental to aquatic 
life forms because it forces them to 
compete for dissolved oxygen in lakes 
and streams. 

Environmental guidelines restrict 
the composition of effluents from all 
stages of pulping and papermaking. 
To meet these guidelines for discharge 
into fresh-water sources, mills are 
equipped with treatment facilities to 
assure compliance with regulations set 
by the Environmental Protection 
Agency (EPA) for levels of BOD, toM 
suspended solids (TSS), color, and pH. 
These regulations are based on an 
evaluation of the raw waste loads pro- 
duced by various types of pulp pro- 
duction and on the best available 
treatment that is economically achiev- 
able (6). State environmental agen- 
cies can impose additional regulations 
on maximum levels of individual com- 
pounds frequently occurring in efflu- 
ents. In addition, toxicity of the effluent 
to aquatic life is monitored to assure 
continuous water-quality compliance. 
This is done by testing the effluent or 
downstream water for both acute and 
chronic toxicity (7, 8). 



1. Description of pulps' 

Raw Rawchips 
Control Control pulp 
Control, Nutrient-enriched 

control pulp 
C C. subvermispora biopulp 
C" Nutrient-enriched 

C. subvermispora biopulp 
P" Nutrient-enriched 

P. chrysosporium biopulp 

*All pulps were sterilized in an 
autoclave and incubated for 4 weeks, 
with the exception of the raw chips. 

Mill effluents could be monitored 
for as many as 100 potentially toxic 
constituents. However, even low levels 
of several benign compounds could in- 
teract synergistically to produce atoxic 
total effect (9). Because the composi- 
tion of biopulping effluents is not 
known, a general toxicity test was se- 
lected as the most efficient and appro- 
priate way to evaluate these effluents. 

The Microtox@* method of analysis 
is used as a rapid screening method for 
evaluating acute toxicity of untreated 
pulp mill effluents (8). As effluents be- 
come more complex with the introduc- 
tion of new pulping and bleaching 
technologies, a toxicity-based regula- 
tory approach has been suggested as 
an alternative to the chemical-specific 
approach now in place for effluents (9). 

Conventional treatment for mill ef- 
fluents includes a combination of a pri- 
mary sedimentation treatment for 
removal of suspended solids and a sec- 
ondary biological treatment (10, 11). A 
legitimate concern about new pulping 
techniques is whether the treatment 
systems already in place wiU accom- 
modate the waste loads and substances 
produced by the new process. Ideally, 
a new process would be more environ- 
mentally compatible than existing pro- 
cesses. 

'The use of trade or firm names is for reader 
information and does not imply endorsement 
of any product or service by the U.S. 
Department of Agriculture. 

II. Effect of nutrient addition on effluent oxy- Toxicity 
gen demand (raw aspen chips) Resin and fatty acid constituents of 

wood are extracted during mechanical 
refining, and these are a major con- 
tributor to effluent toxicity (13, 14). 
The effluent from the RMP of raw 

Oxygen demand, 

Raw aspen 

Without nutrients 18 40 
With nutrients 38 68 

Results and discussion 

Effluent analysis 
Effluents from aspen pulps with and 
without fungal pretreatment were 
evaluated for levels of BOD, (the 
amount of dissolved oxygen consumed 
by biological degradation of organic 
constituents during five days), COD, 
and toxicity. Because organic constitu- 
ents in effluents oxidize slowly by bio- 
logical means at 20%, BOD usually is 
measured for a 5-day interval, when 
oxidation is approximately 65% com- 
plete. COD is almost always higher 
than BOD because more organic mat- 
ter can be oxidized chemically than 
biologically. 

Whereas chemical analyses mea- 
sure the concentration of specific 
chemical compounds, toxiciity tests pro- 
vide an index of the bio-availability of 
toxic compounds (1 2) and measure the 
response to the combined effect of all 
component chemicals. Toxicity tests 
more accurately reflect the environ- 
mental impact of effluent components 
on receiving waters than do chemical- 
specific assessments. 

Table I describes the pulps used in 
this study. The raw aspen chips (with 
no autoclaving, incubation, or added 
nutrients) were refined to provide a 
baseline for comparing biopulp runs 
and their respective sterile, incubated 
controls. The composition of the raw- 
chip effluent depended solely on the 
soluble organic material from the chip 
furnish. 

aspen chips was the most toxic, as mea- 
sured by the Microtox test method. 
Biopulping with either P. chryso- 
sporium or C. subvermkpora for 4 
weeks significantly decreased the tox- 
icity of aspen effluents, as seen in Fig. 
1. Results for effluents of P. 
chrysosporium biopulps in Fig. 2 sug- 
gest that an incubation longer than 2 
weeks is required to decrease toxicity 
under the conditions used here. (Tox- 
icity units in Fig. 1 are lower than in 
Fig. 2 because the data for Fig. 1 were 
obtained from a dilute effluent of 70 W 
kg 0.d. chips, compared with a concen- 
tration of 57 wkg 0.d. chips in Fig. 2.) 

Because Microtox measures only 
one form of short-term acute toxicity, 
these results need to be confirmed with 
other bioassays that measure chronic, 
long-term toxicity. National Pollution 
Discharge Elimination System 
(NPDES) permits are based on acute 
and chronic tests using various organ- 
isms, including fish and daphnia, to 
test effluent toxicity. 

Biological treatment is not a new 
concept in the paper industry. Mill 
treatment systems have been using 
bacterial action to decrease the BOD 
level in effluents for many years. In 
the MyCoR (mycelial color removal) 
system (1 5-1 7), P. chrysosporium was 
initially used to remove color, but it 
was later discovered that this fungus 
also decreased effluent toxicity. The 
decrease of toxicity observed for the 
fungus-treated biopulps is consistent 
with biotreatment of mill effluents with 
MyCoR. 

Nutrients and oxygen demand 
Two issues affecting the optimization 
of biopulping are the addition of nutri- 
ent medium and sterilization of wood 
chips prior to fungal inoculation. The 
elimination of either requirement 
would be advantageous both economi- 
cally and environmentally. 

Vol. 77, No. 1 Tappi Journal 161 



1. Toxicity of aspen pulp effluents with and without fungal pretreat- 
ment. All samples were sterilized and incubated for 4 weeks (except 

2. Toxicity of aspen pulp effluents with 2-week and 4-week f .  
chrvsosoorium aretreatment. The control samDle was sterilized and 
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3. Biochemical oxygen demand of aspen pulp effluents with and 
without fungal pretreatment. All samples were sterilized and incubated 

4. Chemical oxygen demand of aspen pulps with and without fungal 
pretreatment. All samples were sterilized and incubated for 4 weeks 

for 4 weeks (except for raw chips). (except for raw chips). 

i n n ,  

n- 40 ' 30 

20 

10 

n 
U 

Raw Control Controln Cn Pn 

100 

90 

80 

P 70 - 
a 
P 60 - 
cn 50 - 
n- 40 - 
0 

- 
- 

- 
j 
s 

30 - 
20 

10 

- 
- 

0 -  
Raw Control Controln Cn Pn 

Addition of nutrients to the chips increased by approximately 28 dkg mained the same as that of the nutri- 
promotes vigorous fungal growth (1, 
18). As expected, we found that the 
nutrient medium contributed substan- 
tially to the BOD and COD load in 
effluents. Table I1 shows that when 
nutrients were added to raw wood 
chips, BOD, increased by approxi- 
mately 20 g/kg 0.d. chips and COD 
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0.d. chips. 
P. chrysosporium. A 4-week fun- 

gal treatment with P. chrysosporium 
decreased the BOD, level to that of the 
control without added nutrients, as 
seen in Fig. 3. However, Fig. 4 shows 
that COD following 4 weeks of fungal 
treatment with P. chrysosporium re- 

ent-enriched control. The decrease in 
BOD for P. chrysospwiunz implies that 
added nutrients were consumed by the 
fungus during the 4-week incubation 
period. The unaltered COD level might 
indicate a balance between consump- 
tion of nutrients and release of deligni- 
fication products during fungal 



5. UV spectrum of effluent from first refiner pass for RMP (sterilized 
control chips incubated with nutrients for 4 weeks) 

6. UV spectrum of effluent from first refiner pass for P. chrysosporium 
biopulp (sterilized, fungus-treated chips incubated with nutrients for 4 
weeks) 
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treatment. Regardless, COD levels in 
the effluents of both of the nutrient- 
enriched biopulps were higher than 
for the raw chips. 

Figures 5 and 6 are ultraviolet (UV) 
spectra of effluents from the control 
pulp and the P. chrysospor ium 
biopulp, respectively. The biopulp ef- 
fluent displayed an absorption peak 
not present in the control effluent, in- 
dicating the release of lignin-related 
compounds by selective fungal action 
on the chips (19,ZO). 
C. subvermispora. When aspen 

chips were pretreated with C. 
subvermispora, the BOD, content of 
the effluent remained at the same level 
as that of the nutrient-enriched con- 
trol aspen, as seen in Fig. 3. COD 
increased, as seen in Fig. 4, probably 
because of the release of lignin-related 
compounds by the fungal pretreat- 
ment. 

BOD and COD levels in the efflu- 
ents from chips treated with C. 
subvermispora were substantially 
higher than for the raw chips. These 
results suggest that an important fac- 
tor in process optimization, from the 
viewpoint of effluent quality, is mini- 
mizing the addition of nutrients to the 
amount required to assure vigorous 

fungal growth. Excess nutrients were 
expressed in the effluent and increased 
the constituent level of BOD and COD. 
Apparently, vigorous fungal growth 
also produces deligmfication products 
that can be reflected in BOD or COD 
content of the effluent. 

The high oxygen demand of com- 
ponents contained within effluents 
from aspen chips pretreated with C. 
subvemnispora suggests that this fun- 
gus was not consuming the nutrients 
added to stimulate growth. Control 
chips and fungally inoculated chips 
were compared with and without the 
addition of nutrientcenriched media to 
confirm whether the presence of nu- 
trients affected performance of C. 
subvermispora. We found that C. 
subvermispom grew vigorously even 
without added nutrients. Figures 7 
and 8 summarize the oxygen demand 
of effluents from these runs. Elimina- 
tion of the nutrient medium was re- 
flected in the lowered levels of BOD, 
and COD in the effluent. While the 
release of deligdication products con- 
tributed to the COD level, the exclu- 
sion of added nutrients reduced both 
BOD, and COD levels to a more ac- 
ceptable range. 

Aging of nonsterile chips 
When nonsterile control and C. 
subvermispora inoculated chips were 
incubated for 4 weeks at 27°C with or 
without added nutrients, the toxicity 
and oxygen demand of the effluents 
decreased substantially compared with 
the effluent constituents of the raw 
aspen chips. (Data not shown.) 

Table I11 illustrates that sterile 
chips are required for C. subver- 
m i spom to grow. This fungus was un- 
able to compete with the other 
microorganisms that contaminated all 
of the nonsterile runs, essentially tum- 
ing the fungus-treated runs into con- 
trol replicates. The decrease both in 
toxicity and oxygen-demanding com- 
ponents compared with the raw aspen 
chips was unexpected. Because of the 
widespread contamination in the 
nonsterile runs, the resulting effluent 
data were initially discounted. 

It has been suggested, however, 
that the decrease in toxicity observed 
in effluents from runs treated with a 
fungal inoculum and incubated for 4 
weeks might also occur if the chips 
were just aged for 4 weeks. This sug- 
gestion is especiallyrelevant when con- 
sidering how the chip stock used in 
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7. Biochemical oxygen demand of aspen pulps with and without 8. Chemical oxygen demand of aspen pulps with and without nutri- 
nutrients. All samples were sterilized and incubated for 4 weeks ents. All samples were sterilized and incubated for 4 weeks (except for 
(except for raw chips). raw chips). 
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these experiments was prepared. (Ex- 
perimental conditions are described 
at the end of this report.) 

It appears that the microorganisms 
associated with the nonsterile aspen 
chips reduce effluent toxicity to a simi- 
lar extent as the white-rot fungi used 
to pretreat chips in biopulping. Toxic- 
ity is reduced in naturally aged chips 
through microbial consumption of fatty 
acids (21). However, white-rot fungi- 
when permitted to colonize under ster- 
ile conditions-selectively affect the 
wood chips. This selectivity is demon- 
strated not only by the reduction of 
refining energy and enhanced paper 
strength properties, but also by the 
increase of delignification products in 
the effluents. Because all biopulping 
runs and their accompanying controls 
were sterilized prior to incubation, the 
toxicity reduction observed in treated 
runs can only be attributed to the fun- 
gal inoculum. 

Waste load 
Effluent data from optimized runs, 
where nutrients were eliminated, 
(Figs. 7 and 8), demonstrated that fun- 
gal pretreatment did not substantially 
alter the BOD load when compared 
with aspen RMP controls. Toxicity was 
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111. Oxygen demand and toxicity of nonsterile chips after treatment with C. subvermispora 

€PA 
BOD,, COD, toxicity units, 

Pulp g/kg 0.d. pulp g/kg 0.d. pulp 1 OO/EC, 

Raw chips 18 40 33 
Control 

No nutrients 10 30 5 
Nutrient enriched 12 33 9 

Fungus treated 
No nutrients 10 
Nutrient enriched 11 

30 6 
35 4 

aAll pulps incubated 4 weeks at 27”C, except for raw chips 
bEC,, is a measure of toxicity (see the “Toxicity” subheading in the “Experimental” section). 

unaltered by optimization, so these 
data are not shown. Although these 
observations were based on limited 
data, duplicate runs showed good 
agreement. Data presented in Figs. 
1 4  are averages of four runs each, 
except for the two-week Pn value in 
Fig. 2, which is an average of two runs. 
Additional single runs are compared 
in Figs. 7 and 8, which accounts for the 
slight variation in control values com- 
pared with Figs. 3 and 4. The BOD, 
loads obtained for raw aspen (16-18 g/ 
kg 0.d. pulp) are within the range of 
published values C17.4 kg/ton of 0.d. 
pulp (17.4 g/kg)] for the waste load of a 

generic-species groundwood pulp (5). 
Thus we can assume that effluent- 
treatment systems currently in place 
should be able to accommodate efflu- 
ents from biopulping. 

It is well established that waste loads 
increase as pulp yield decreases, tem- 
perature increases, or pulping chemi- 
cals are added (6). Consequently, the 
waste load produced by biopulping 
should be considerably lower and more 
benign than effluents currently pro- 
duced by commercial chemithermo- 
mechanical pulp (CTMP) mills. 
Published values for BOD waste load- 
based on the EPA survey for estab- 

164 January 1994 Tappi Journal 



lishing effluent guidelines-are 28 kg/ 
ton of 0.d. pulp (28 g/kg) for TMP and 
95 kg/ton of 0.d. pulp (95 gkg) for 
CTMP (5). One commercial CTMP 
mill reported a BOD, load of 45 kg/air- 
dry ton, or approximately 52 g/kg 0.d. 
chips, for  aspen CTMP (22). C. 
subvemispora biopulp effluents con- 
tained approximately 24 g/kg, and P. 
chrysosporium effluents contained 20 
g/kg at a comparable yield. 

Concluding remarks 

Fungal pretreatment of aspen chips 
with either Phanerochaete chryso- 
sporium or Ceriporiopsis subver- 
m i spom during biopulping decreased 
effluent toxicity. Effluents from RMP 
of raw aspen chips were significantly 
more toxic to aquatic organisms than 
biopulp effluents, as measured by 
Microtox. 

The biochemical oxygen demand 
(BOD,) for effluents from fungus- 
treated pulps were slightly higher than 
for RMP of raw chips. The chemical 
oxygen demand (COD) for effluents 
from fungus-treated pulps were con- 
siderably higher than for RMP of raw 
chips, probably because of the release 
of lignin-related products. 

Addition of nutrients to the control 
chips increased BOD and COD in the 
effluent, as expected. BOD decreased 
after 4-week incubation with nutrient- 
enriched P. chrysosporium, while 
BOD remained unchanged following 
incubation with nutrient-enriched C. 
subvemisporu. COD remained un- 
changed after 4-week incubation with 
nutrient-enriched P. chrysosporium, 
while COD increased in effluents from 
chips pretreated for 4 weeks with nu- 
trient-enriched C. subvemisporu. 

Different white-rot fungi used for 
pulp pretreatment have differing nu- 
trient requirements. Therefore, an 
important factor in process optimiza- 
tion is establishing the minimum 
amount of nutrient required to assure 
fungal growth. The BOD and COD 
data indicate that C. subvemispora 
does not require added nutrients. 

Sterile chips are essential for colo- 
nization of the two white-rot fungi that 

we tested. Therefore, some method of 
chip sterilization is a process require- 
ment for biopulping with these fungi. 

Aspen biopulp effluents were less 
toxic, as measured by Microtox, and 
probably contained considerably lower 

or CTMP at comparable yields. 

Experimental 

Sample preparation 
A uniform, controlled supply of chip 
stock was obtained from freshly cut 
aspen (Populus tremuloides) logs, 
which were chipped, mixed, and im- 
mediately frozen and stored in poly- 
ethylene bags. Chips were sterilized 
by autoclaving and then inoculated 

tered on Buchner funnels to separate 
fibers from effluents. Filtrates were 
cooled in glass containers to 4°C and 
were submitted for analyses. 

BOD, and COD analyses 

and levels than aspen TMP Effluent samples were submitted to 
the Wisconsin State Laboratory of 
Hygiene (Madison, WI) for analysis. 
The BOD, and COD testing followed 
the accepted Standard Methods for 
Examination of Water and Wastewa- 
ter procedures (24). The BOD, analy- 
ses used the EPA-405.1 test method; 
COD level was analyzed according to 
EPA-410.1 titrimetric test method. 

Toxicity 
Effluent samples were submitted to 

with either P. chrysosporium O r  c. the National council for fir and 
s u b e m i s ~ o m  using ~re-inoculated Stream Improvement (NCASI) in 
“seed” chips prepared for each fun- Anacoas, WA, for Microtox testing. 
f l s .  Inocdatedchip SamPleswerethen Microtox is a bioassay that uses lumi- 
incubated for weeks at a tempera- nescent bacteria for the test species. 
ture appropriate for the optimum These organisms emit light as one end- 
growth Of each (390c for p. point of their metabolism. Light de- 
ch~sospor ium and 27*5”c for c. creases when the bacteria are exposed 
subvermispora). Control Chips, run Si- to substances that interfere with their 
multaneously With tEated batches, metabolism. The decrease in light 
were set UP identically, excluding the emitted is propodional to the concen- 
fungal inoculum. tration of the toxic material. A linear 

All (appro-ately 1*4 kg relationship of sample dilutions and 
0.d. chips) were fiberized in a 305-mm emitted light permits extrapolation of 
single-rotating-disk atmospheric re- EC,, a measure oftoxicity. ~n EC, is 
finer at the time Of harvest (I). the effective concentration of a sample 
tional “raw” chips-consisting of causing a 50% decrease in light output 

with and without the addition of nutri- dure (15%, 15-min exposure) (25). me 
ent medium-also were fiberized and EC,, of toxicity-which is 
effluent samples collected. comparable with the LC,, value ob- 

Appro&ately 50 Of 86”c water tained in conventional acute testing 

nonstede, nWibXbated aspen chips using the standard Microtox proce- 

was used to refine 1 kg ofchips. After 
we establishedthatal?pro-atelY85% 

released d d n g  the first pass though 

using salmon or Ceriodaphnia-wa 
conve&ed to EPA toxicity units for 

obtained by dividing 100 by the EC,, 
Of the constituent and was plotting data. EPA toxicity units were 

the refiner, all effluents sampled were 
from first-pass slurries. This is consis- 
tent with the findings of Wong and 
others, who observed that most pol- 
lutants from thermomechanical pulp 
were released in the first stage of re- 
fining (23). Theresultingpulp slurries 

representative sample from each 

values. 

~travioletspeara 
The UV spectra in the 190-nm to 350- 
nm range were using a ’- 
em quartz cuvette in a 

trophotometer (Model 8452A). 

to spectra measurement. The diode 

were mixed thoroughly before a 20-L 

slumywas removed. Samples were fl- Samples were glass-fiber Prior 

Packad scanning diode m a y  spec- 
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configuration results in spectra incre- 
ments of 2 nm. W 
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