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ABSTRACT: An environmental characterization of lignans
found in TMP effluents has been performed. The results show
that the lignans are water soluble and biodegradable. The acute
toxicity of these compounds is low compared to other extractives
in the effluents. The lignans are released from the wood
structure early in the TMP process. Biological treatment
completely removes lignans from the effluent, while
sedimentation and chemical treatment have a low efficiency in

reducing lignan concentration.
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Lignans, characterized by two
phenylpropane units bound to-
gether at their R-carbon, are com-
pounds found in the heartwood of
trees (1). The lignans leach out dur-
ing the thermomechanical pulping
(TMP) process. The two examples
given in Fig. 1, hydroxymatairesinol
and a-conidendric acid, are the most
abundant lignans in wood and efflu-
ents. It has been reported that
hydroxymatairesinol may convert to
a-conidendric acid (2). Results from
the analysis of lignans in effluents
are scarce, but lignan concentrations
in water from pulp screening (2) and
the wire tank (3) in TMP production

are reported to be 85 and 126 mg/L,
respectively.

Currently, little is known about
the fate and environmental effects
of lignans. It has been suggested that
lignans may contribute to the toxic-
ity of TMP effluents (4). As part of
an environmental characterization
project at our institute, an investi-
gation of lignans was undertaken.

The lignan persistence, bioacc-
umulation potential, and acute tox-
icity were investigated. The lignan
“source” in the TMP process and
the influence of external treatment
on effluent lignan concentrations
were also studied.
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Experimental

Water samples

Process water and effluent samples
were collected at three different mills
producing conventional thermomec-
hanical pulp (Mills A, B, and C). Mills
A and B produce TMP from Norway
spruce (Picea abies), while Mill C
uses a combination of Norway spruce
(Picea abies) and European silver
fir (Abies alba) as raw material.

Wood samples

The Picea abies chips were collected
from Mill A. The chips were from a
75-year-old, 20-m-high newly felled
tree. A cross section of the trunk,
taken at a height of 2 m, was used as
the sample material for a dry stor-
age test. The Abies alba wood
samples were taken from the
woodyard at Mill C. All samples were
stored in a freezer at —-18°C until
analyzed.

Analysis of lignans in
water samples and wood

The lignans in water samples were
isolated, silylated, and analyzed ac-
cording to a published procedure (2)
with the following changes:

e 5R-pregnane-3a,20a-diol was
used as the internal standard. The
response factor between this com-
pound and a-conidendrin was
1.75. All lignans were assumed to
have the same response factor.

= Before gas chromatograph (GC)
analysis, the silylated samples
were evaporated to dryness at
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I. Lignin concentration in spruce and untreated effluents from Mills A, B, and C.

kg/metric ton a.d. pulp

®nd: not detected

Compound Wood, ug/g Effluent, mg/L
number Picea Abies
Lignins in Fig. 2 abies alba Mill A Mill B Mill C
Isolariciresinol 1 13 10 5.0 2.6 2.3
Secoisolariciresinol 2 70 32 14 3.1 7.5
a-conidendric acid (1)? 3 6 nd® 13 3.1 7.5
Liovil 4 116 68 12 5.3 3.9
a-conidendric acid (I1)2 5 47 nd 50 20 36
Lignan B 6 11 nd nd 0.3 nd
Lignan A 7 36 36 4.6 3.4 2.9
Matairesinol 8 85 8 8.0 2.8 1.6
Allohydroxymatairesinol 9 210 34 25 22 9.3
Hydroxymatairesinol 10 390 37 26 33 5.8
a-conidendrin 11 6 nd 4.5 3.0 nd
Lariciresinol 12 32 27 nd nd 2.4
Pinoresinol 13 14 14 nd nd nd
Total 1040 266 162 99 79
Lignans, - - 2.4 1.8 0.6

aBoth peaks were identified as a-conidendric acid according to GC-MS. The compounds are possibly isomers.

30°C inanitrogen stream and dis-
solved in cyclohexane.

Because of these changes, a faster
temperature program [190°C (4 min),
4°C/min, 290°C (7 min)] and a split
injector could be used when analyz-
ing by gas chromatograph-flame ion-
ization detector (GC-FID) and gas
chromatograph-mass spectrometer
(GC-MS).

The lignans in wood samples were
extracted with acetone:water (10:1)
as described in a published proce-
dure (5). The derivatization and GC
analysis were performed as previ-
ously described.

The analytical method for lignans
in wood had a relative standard de-
viation of 8%, while analysis of efflu-
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ents gave a relative standard devia-
tion of 4%.

Lignans in the TMP process

Lignan “source” in the TMP pro-
cess. Samples from each stage of the
process in Mill A were collected and
analyzed.

Effect of external treatment.
Samples were taken before and af-
ter each of the following external
treatment systems:

= Sedimentation (Mill B): residence
time was approximately 5 hours.

e Chemical treatment (Mill B): Al-
and Fe-sulfate (Boliden, AVR) and
a cationic polyelectrolyte were
added at pH 5. Residence time
was approximately 50 min.

= Biological treatment (Mill C): This
treatment was performed in an
aerated lagoon. Residence time
was approximately 60 hours.

Environmental
characterization of lignans

Persistence. An effluent sample
from Mill B was split into three
aliquots. One aliquot was exposed to
biological degradation over 28 days
according to 1SO/DIS 9408 (BOD,,)
(6). Sodium azide, which inhibits bio-
logical activity, was added to the re-
maining two aliquots of the effluent
sample. These samples were stored
for 28 days, one at room tempera-
ture exposed to daylight and the
other in darkness at 4°C.



1. Structures of the most abundant lignans in (a) wood and (b) effluents
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I1. Composition of the lignin mixture tested for acute toxicity

Lignins

Lignin mixture, % of total

Isolariciresinol
Secoisolariciresinol
a-conidendric acid (1)
Liovil

a-conidendric acid (I1)
Lignan B

Lignan A

Matairesinol
Allohydroxymatairesinol
Hydroxymatairesinol
Lariciresinol
Pinoresinol

Total lignan concentration

1.0
8.0
6.0
5.0
8.0
15
2.5
7.5
23.0
33.5
3.5
0.5
100.0

A section of a 75-year-old Norway
spruce was cut into 2-cm slices. The
slices were stored in the laboratory
at room temperature and exposed to
daylight. One slice was analyzed each
month.

Bioaccumulation potential. The
bioaccumulation potential of the
lignans was determined using a high-
performance, thin-layer chromatog-
raphy (HPTLC) method (7). The
n-octanol/water partition coefficient
(P,,) was determined after compari-
son with standard compounds. Ex-
tracts of Norway spruce and the
effluent from Mill A were investi-
gated.

Acute toxicity. The acute toxicity
of the lignans was determined by
means of the Microtox method, ap-
plying the microbe photobacterium
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phosphoreum (8). A lignan-rich pro-
cess water from Mill A was used to
isolate a pure lignan mixture for tox-
icity assessment. The process water
was filtered through a Whatman GF/
C filter and a 0.2 um Acrodisc nylon
filter. The filtered sample was then
run through a sorbent extractor con-
taining C-18 material (Sep Pak C-
18). After washing the sorbent with
distilled water, the lignans were
eluted with an acetone:water mix-
ture (2:1 v/v), evaporated to dryness
on arotary evaporator, and dissolved
in distilled, degassed tetrahydrofu-
ran. The lignans were collected after
separation on a 100-A GPC column
(3, 9), evaporated to dryness, and
dissolved in distilled water contain-
ing 5% methanol.

Results and discussion

Lignans in wood and effluent

Untreated effluents from Mills A, B,
and C were analyzed. The lignan con-
centrations are given in Table I. This
table also contains the lignan con-
centration found in wood samples of
Picea abies and Abies alba. Gas chro-
matograms of the lignan profiles in
Picea abies and the effluent from
Mill A are given in Fig. 2.

Since only a few samples were ana-
lyzed in this study, the results only
indicate lignan concentrations in
these species.

Both the composition and the to-
tal concentration of lignans found in
Picea abies were comparable to pre-
viously published results (1, 5). The
two isomers of hydroxymatairesinol
are the dominant compounds, com-
prising approximately 50% of the
lignans. Abies alba had a lower total
lignan concentration than Picea abies
and a somewhat different composi-
tion. Abies alba contained relatively
less hydroxymatairesinol and more
liovil and lignan A than Picea abies.

Although Mills A and B both pro-
duce TMP from Norway spruce,
there are differences in lignan con-
centrations and profiles in the mill
effluents. Lignan concentration vari-
ability between trees is probably re-
sponsible for this difference. The
lignan concentrations vary consider-
ably between trees and also within
each tree. The concentration in heart-
wood ranges from trace amounts to
approximately 0.5% of dry wood
weight (1). In knots, the lignan con-
centration is higher (1). The most
significant difference in lignan com-
position in the effluents from the
three mills, compared to the amount
found in wood, is the higher percent-
age of a-conidendric acid and the
lower percentage of the two
hydroxymatairesinol isomers. It has
been reported that hydro-
xymatairesinol may undergo a base-
catalyzed transformation into
a-conidendric acid (2).
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2. GC-FID chromatogram of lignans in wood of (a) Picea abies and (b) the effluent from Mill A. For identification see Table I. Internal standard

(i.s.) is 5B-pregnane-3a,20a-diol.
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The concentration of resin acids
in effluents from Mills A and B has
been determined (4). The total lignan
concentrations in the effluents from
Mills A and B were 2-4 times higher
than the resin acid concentrations.
The resin acid concentration of the
effluent from Mill C was not deter-
mined.

Environmental
characterization of the lignans

Persistence. The biological and
chemical degradability of lignans in
the effluents was investigated. The
lignan concentration in the effluent
was dramatically reduced after bio-
degradation (BOD,,). After 28 days,
more than 99.9% of the lignans were
degraded.

The lignan concentration also de-
creased in samples to which sodium
azide was added before 28 days stor-
age. The lignan concentration in the
sample stored in daylight and at
room temperature was reduced by
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40%, while the concentration in the
samples stored in the refrigerator
was reduced by 20%. All lignans de-
graded equally in each of the three
exposure cases.

These results show that biologi-
cal activity significantly reduces the
lignan concentration. However, some
degradation may also take place un-
der abiotic conditions, but at a much
slower rate.

Slices of a 75-year-old Norway
spruce tree were stored in the labo-
ratory. One sample was analyzed
each month. The results showed that,
during dry storage at room tempera-
ture, the lignan concentration was
approximately constant for 3-4
months. Then a slow reduction was
observed and, after 6 months, the
lignan concentration was about 70%
of the original level.

All wood samples, independent of
storage time, were quite similar in
their lignan composition.

Bioaccumulation potential. The
bioaccumulation potential of the
lignans was determined using an
HPTLC method. The method could
not completely resolve the lignans
and was therefore unable to deter-
mine the log P , values for each
lignan. All the identified lignans had
alog P_, value lower than 2.2. It can
therefore be concluded that the
lignans have a low biocaccumulation
potential according to the accepted
definition (10). Compounds with a
log P, value larger than 3.0 are usu-
ally assumed to have a bioaccum-
ulation potential.

Acute toxicity. Since pure lignan
standards were not available, lignan
mixtures were isolated. The acute
toxicity was determined using the
Microtox test. The composition of
the tested lignan mixture is given in
Table I1.

The EC, value of the tested lignan
mixture was 15-40 mg/L. The efflu-
ent had an EC,, value of 1.1%, and



I1l. Effect of sedimentation, chemical treatment, and biological treatment on lignin concentration in effluents

Concentration in effluents, mg/L
Mill B Mill C
After
sedim.

Before Before After Before After
Lignins sedim. chem. tr. chem. tr. biol. tr. biol. tr.
Isolariciresinol 2.6 2.0 1.5 2.3 nd"
Secoisolariciresinol 3.1 2.9 1.6 7.5 Trace
a-conidendric acid (1) 6.0 8.5 3.9 7.2 nd
Liovil 5.3 6.5 6.2 3.9 Trace
a-conidendric acid (I1) 20 17 13 36 Trace
Lignin B 0.3 0.9 0.9 nd nd
Lignin A 3.4 3.3 2.6 29 nd
Matairesinol 2.8 L3 L3 1.6 nd
Allohydroxymatairesinol 22 19 16 9.3 nd
Hydroxymatairesinol 33 30 25 5.8 nd
a-conidendrin 3.0 2.1 1.8 nd nd
Lariciresinol nd nd nd 2.4 nd
Total 102 94 74 79 <0.5
'nd: not detected

the lignan concentration was
190 mg/L. Assuming additive
toxicities, the lignans can be assumed
to account for 5-10% of the acute
toxicity. From these results, it can
be concluded that the lignans have a
low acute toxicity relative to other
extractives in the TMP effluent. In
the literature, hydroxymatairesinol
and a-conidendric acid are shown to
be slightly toxic toward Daphnia
pulex (11).

Lignans in the TMP process

Lignan “source” in the TMP pro-
cess. Samples were taken from each
stage of the TMP process to deter-
mine the release point of the lignans.
The released amount of lignans was
calculated on the analysis basis of
these samples.

The main parts of the lignans were
released during chip washing and
impregnation. Only very small
amounts were released later in the
process. This is consistent with the
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fact that the lignans are water
soluble (log P, < 2.2).

Effect of external treatment
systems. The influence of external
treatment systems, such as sedimen-
tation, chemical treatment, and bio-
logical treatment on lignan
concentration in effluents was inves-
tigated.

Samples were taken before and
after each treatment stage. Samples
were taken after sedimentation and
chemical treatment from the two-
stage treatment system of Mill B.
The sedimentation removes 25% of
the chemical oxygen demand (COD)
and 75% of the suspended solids (SS),
while chemical treatment removes
30% of the remaining COD and 75%
of the remaining SS.

The biological treatment system
was investigated at Mill C. This sys-
tem removed 95% of the biological
oxygen demand-7 days (BOD,), 70%
of the COD, and 20% of the SS. The
effects of the different treatment

systems on the lignan concentrations
are given in Table I11.

According to statistical testing
(Student’s t-test), there is no signifi-
cant difference in lignan concentra-
tion before and after sedimentation.
Since the lignans are water soluble
(log P, < 2.2), they do not associate
with particles or colloidal matter dur-
ing the TMP process (4). For this
reason, sedimentation does not re-
duce the lignan concentration.

The effect of chemical treatment
was statistically significant. About
25% of the lignans were removed.
This was probably due to
coprecipitation. Samples taken be-
fore and after this treatment were
quite similar in lignan composition,
so it appears that all lignans were
removed to the same degree.

Table 111 shows that the biologi-
cal treatment stage was extremely
efficient in removing lignans from
an effluent. The lignan concentra-
tion was reduced by more than 99%.
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This is consistent with the results
obtained from the BOD,, test. The
short residence time in the biologi-
cal treatment system (2.5 days)
shows that the biodegradation of
lignans is quite rapid.

Conclusions

This investigation indicates that the
lignans do not significantly contrib-
ute to the environmental effect of
TMP effluents. This conclusion is
based on the following observations:

= Thelignans had a low persistence.
They biodegrade readily and de-
grade to a lesser extent under abi-
otic conditions.

e The lignans have a low
bioaccumulation potential (log P,
<?2.2).

= Thelignans had a low acute toxic-
ity compared to other extractives
in the effluent according to the
Microtox method.

The lignans were readily released
from the wood structure during chip
washing and impregnation in the
pulping process. Very small amounts
were released in the later pulping
stages.

External treatment based on bio-
logical degradation was extremely
efficient in removing lignans from
TMP effluent. The lignan concen-
tration in the investigated effluent
was reduced by more than 99%. Sedi-
mentation did not remove lignans
from the effluent, while chemical
treatment was found to remove
about 20% of the lignan concentra-
tion, probably through coprec-

ipitation.
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