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I. INTRODUCTION

Resin the mixture of wood

components extractable with apolar solvents.

is by defimtion
Major
resin constituents are long chain fatty acid(LCFA),
terpenes, resin acids, lignans, and apolar phenols. The
averaged composition of the wood resin from softwood
and hardwood is shown in Table 1.

The resin content in wood usually ranges from 3 to
59 of the wood dry weight, but it can be much higher
in certain tropical and subtropical woods.
softwoods

Softwoods extractives also differ in composition with

Generally,
are richer in resin than hardwoods.
respect to those of hardwoods. The resin of coniferous
trees contains all classes of terpenes from monoterpenes
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to tri- and tetraterpenes, whereas in deciduous wood
mainly higher terpenes are present“.

The mulp and paper industry is a major source
contributing to the discharge of wood extractives in
the environment. Examples of other waste streams
containing wood extractives or related compounds
processing  effluents  and  chemical

include  citrus

manufacture  wastewaters. In paper mills wood is
subjected to pulping and bleaching operations in order
to purify the cellulose. As a result of these treatments,
hemicellulose. lignin and extractives are separated to
different extents from the cellulose and extracted into
the process waters. The resin content of various forest
industry wastewaters  reported in the literature 18
shown in Table 2"
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Table 1. Literature averaged composition of wood

and bark resin
Hardwood Softwood
Components Wood(% of Wood(% of  Bark(% of

) total resin)  total resin}  fotal resin)
Resin acids T 30

7
Volatile terpenes NM 2 NM
Triterpenols 3 T 3
LCFA 48 B 13
Apolar phenols M s NM
Lignins NM 10 NM

TV-' trace, NM : nntwnw;su}ed, LCFA : long chain fatty acids

Pulp and paper mill wastewaters often exert
inhibitory effects on microorganisms that can disturb
hiological treatment systems. They are derived either
from extracted wood components, from chemicals
added or products formed in the industrial processes.
The methanogenic toxicity of inorganic wastewater
sulfate, sulfite,
peroxide and other chemicals added during pulping and

components, such  as hydrogen

Table 2. Resin content in paper mull wastewaters

Extractives  LCFA Resin
Wastewaters (mg/0)  hme/t)  acidsimg/t)

Debarking 51 2 7
Ground pulping 106 NR ° NR
Building board 69154 NR NR
Corrugated medium 228 NR NR
™P® % NR NR
T™P B NR NR
T™P NR 43 R0
TMP NR % 145
T™P NR 353 63-143
T™P NR NR A8 370
T™P NR NR 15-62
CTMP * 1000 NR NR
Acid bleaching of KP © 46 8 02
Alkaline bleachmg of ® g 0
KP
Ho, bleaching of 100 NR NR
g;round pulping

® Long chaan faty aid
Thermomecharical

¢ Chemi-thermomechonicd puping

¢ Not reported

* Kraft pulping

et etsl 2 2129 3%(1997)

bleaching processes has been extensively investigatedz).

In contrast, very limited mformation describing the
fate of natural organic wood components in anaerobic
systems 1s available.

The microbid toxicity of wood resin components
should he suspected because these components increase
the decay resistance in trees. Timber durability has
been related to the antifungal activity of resi
Additionally, the toxicity of resin
constituents to aquatic organisms has been extensively

3
components .

investigated and a substantial amount of data is
available to indicate that resin containing paper mill
wastewaters display acute toxicity to fish and other

Table 3. Literature data on toxicity of wood resin components

and related compounds )
Compounds Substrate ° S0%IC (mg/¢) REf;r: s

Long chain fatty acids -

Lauric acid Ce 525 (15)

Lauric acid G %69 (9)

Caproic acid C Lox 9

Myristic acid Ce 1,104 (9)

Oleric acid C2 1235 9)

Linolic acid Ho/CO, 897 (19)

Linolic acid Ho/Cn 01 (19

Linolic acid Pyruvate 78 0]

Mixture of LCFA Ca 0 117

Mixture of LCFA He 250 (I
Alcohols

Octyl alcohol Glucose  500(99%)" n
Resin acids .

Abietic acdolenic ) o )

acid

Abietic acid Co, Cs, Ca 114 (22)
Volatile terpenes

P-cymene Ce 500° (5)

Limonene Co X0 )

Limonene C 122(79%)° {10y

@-pinene Co 122(0%)° (10
Resin related aromatics -

Eugenol Ce 20 )

f Abietate : oleate ratio on a dry weight basis was 52:45.
" (7 = acefic add, C; =propionic aad, G = butyric acid
° Approximately 50% inhibitory concentration estimated from reportea

¢ The number in the parenthesis indicates the inhibition observed at the
reported cocentration



aquatic organisms. Resin acids and other resin
constituents have heen identified as important fish
toxins. Leach and Thakore reported a LCsx(96h) for
various resin acids and LCFA ranging from 0.3 to 50
mg/L with Rainbow trout as a test organism.

The methanogenic toxicity of resin constituents has
heen studied to a lesser extent. Some toxicity data
available in the literature are summarized in Table 3.
In this table one can observe that mostly the effects of
LCFA on methanogenic mixed cultures have been
investigated whereas very little data are available
concerning the effects of other resin components in
anaerobic environment. The purpose of this study was
to evaluate the inhibitory effect of
representative wood resin compounds on the activity of

various

methanogenic bacteria.

[I. MATERIALS AND METHODS

1. Biomass

The granular sludge used in these experiments was
obtained from a full-scale upflow anaerobic sludge
blanket reactor treating distillery wastewater. The
sludge was elutriated and stored 4C under nitrogen
gas. The sludge used was not acclimated to the toxic
compounds prior to the toXicity assays.

2. Basal medium

The inorganic macro- and micro-nutrients were
supplied to the assay media as five-fold concentrated
solution. After dilution the basal medium used in the
anaerobic toxicity assay contained, NaHCOs(400mg/ ¢ ),
NHCK280mg/ ¢),  CaCly - 2H:0(10mg/ ¢},  K:HPO,
(250mg/ £), MgSO; - TH:O(100mg/ £), yeast extract
(100mg/ £), HsBOs(005mg/ 2), FeCl: - 4H:0(2mg/ £ ),
ZnCL(0.05mg/ ¢ }, MnCly - 24H0(0.05mg/ £ ), (NHy)eMoOx
- 4H0(0.06mg/ £ ), AlCk + HO(0.09mg/ £ ), CoCls - 6H0
(2mg/ ¢ ), NiCl; + 6H000.05mg/ 2 ), CuClz - 2H0
(0.03mg/ £ ), NazSeOs - SH0(0.1mg/ ¢), EDTA(Img/ ¢),
resazurin(02mg/ ¢ ) and 36% HCl (0.00Imé/ ). All
chemicals were of analytical grade. The veast extract
was supplied by Gist-Brocades.

__3__
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3. Analyses

Volatile fatty acid(VFA) were determined with gas
chromatograph equipped with Hewlett-Packard FFAP
capillary column. The temperature of the column, the
injection port and the flame ionization detector were
130, 220 and 240T, respectively. Nitrogen saturated
with formic acid was used as carrier gas at a flow
rae  of 50mé/min. COD and volatile suspened
solids(VSS) were determined according to Standard
Methods”’

4. Anaerobic toxicity assay

Methanogenic activity measurements were performed
in 06L glass serum bottle flasks. Distilled water,
granular sludge(15¢VSS/£) and known amounts of
toxicant were transferred to the flasks containing
100mL of the concentrated nutrient solution.

The toxicant concentrations supplied were chosen to
provide an inhibition of the methanogenic activity
ranging from 0 to 100%. Substrate controls were based
on assays where no toxicant was added. Subsequently,
all serum flasks were supplied with 4 g COD/2 of a
neutralized VFA solution, containing  100:100:100g
acetate:propionate’butyrate  per kg, that served as
substrate. Finally, distilled water was added to
complete a medium volume of 500mf. The liquid was
flushed with nitrogen gas and the flasks were sealed
with a butyl rubber septum and a screw cap, and then
incubated in a temperature controlled room at 35+27T.
Al experiments were mechanically shaken unless
otherwise indicated. Methane production was monitored
periodically during the 14days that followed with
modified Mariotte flask.

These flasks were filled with a 3% NaOH solution
which served to remove the carbon dioxide contained
in the biogas.

In order to evaluate the residual activity of the
sludge after exposure to the toxic compound, on day of
14 all serum bottle were provided with second
substrate  feeding lacking the toxicant. The
supernatants were carefully decanted to avoid losses of
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methanogenic sludge and replaced, while maintaining
nitrogen gas flushing in the head space, with a
nutrient supplemented medium ocontaining 4g VFA-COD/
£. The bottles were reincubated agaim for 1 to 2
weeks. The specific methanogenic activity, expressed
as the amount of methane produced by lg of sludge
VSS per day, was cakulated from the slope of the
methane production versus time curve and the quantity
of VSS. The methanogenic activities for each toxicant
concentration were calculated in the time interval
corresponding to the maximum control activity. The
inhibited activity was expressed as percentage of the
control activity, and it is abbreviated as(%6ACT).
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Fig 1 Chemical structure o the wood resin
compounds investigated in this study.
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The percentage inhibition(% I) was defined as : % I
= 100~ % ACT. The compound concentrations that
caused 50% and 80% inhibition of the methanogenic
activity are referred to as 50% IC and 8% IC,
respectively.

Chemical structure of the wood resin compounds
investigated in this study illustrated figure 1.

. RESULTS

The effect of several individual resin constituents on
the activity of methangenic bacteria were evaluated n
this study. Figure 2 shows an example of the
cumulative methane production as a function of time
obtained from a typical toxicity assay. The 50% and
80% IC, as determined in the first and second feedings
of the assay, are listed in Table 4.

T
! Toxicant
iconc (mg/L):
| ——0

" 'METHANE PROD.(mL

0 100 20 300 40

Toxicant
conc {mg/L.
—0—0
—0- 36
——T71
—A— 143
—a—-214
—— 3

8 8 8 8

METHNAE PROD.(mL

0 100 20 30
TIME(hours) i

Fig 2. The cumulative methme production during the
methangenic toxicity assay of abietic acid



Table 4 The efect o he wood resin components
investigated on the methanogenic activity

First feeding Second feeding
Compounds 50%IC 80%IC  50%IC 8% IC
me/ L) me/f) e/ l) g/ l)
Resin acids
abietic acid * 9 139 25 A6
g;ﬁ%d“’abieﬁc 105 123 141

Volatile terpenes

@ -pinene 105 230 180 20
8 -pinene 110 210 165 00
8 -terpinene L 67 12 9%
4-terpineol B0 505 X1 470
p-cymene 110 %5 220 310
limone 0 175 150 20
Triterpenols
8 -sitosterol NT® NT NT NT
stigmasterol NT NT NT NT
Triterpenes squalene  NT" NT NT NT
Apolar phenols
4-hydroxy-stilbene 2 % 42 %
isoengenol® % 182 25 2
eugenol 714 479 428 59

: Tadcly data obtained in unshaken experiment.
The compounds were non-tavc af the highest concentration tested,
1 £

¢ Non-taac at the highest concentration tested, 1000mg/ {.

These toxicity data were obtained by interpolation of
the %ACT versus concentration curves determined for
each toxicant. Figure 3 illustrates the curves obtained
for abictic acid, p-cymene, «-pinene and isoeugenol,
respectively. An apolar phenol, 4-hydroxystilhene, was
the most toxic compound stduied. The 50% IC and
)% IC of this compound in the first feeding were
only 20 and 25mg/{, respectivelv. Resin acids and
monoterpences had inhibitory concentrations in the same
order of magnitude. The 50% IC for abietic acid and
dehydroabietic acid were 43 and 8mg/ £, respectively.
The 50% IC found for various volatile terpenes ranged
45 to 110mg/?. The only monoterpenol tested,

-5 —
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4-terpenol, with 50%IC of 330mg/ ¢, was distinctly
less toxic than the homologous terpene lacking the
hydroxyl function group. Two polar lignin monomers,
eugenol and isceugenol. were also tested. These
0%IC of 274 and Y%mg/t,
respectively. In contrast, the triterpenic conpounds

compounds  had

tested did not cause any decrease of the methanogenic
activity at the highest concentration tested. These
corresponded to 1300mg/ ¢ and 1,000mg/¢ for the
sterols and squalene, respectively.

The residual methanogenic activities determined in
the second feeding that followed the 2 week exposure
to the toxicants were much lower than that of the
control residual  activity. The persistance of the
inhihition heyond exposure indicates a damaging effect
of the resin compounds on the sludge. However, partial
recoveries of the methangenic activity were evident
since higher 50%IC and 80% IC were observed in the
second compared to the first feeding. Spruce crude
resin was used as a raw material for evaluating the
methanogenic inhibition caused by & natural resin
mixture. Crude spruce resin extracts were obtained
upon prolonged extractions of 25g resin in 14 of
water or diluted NaOH solutions. The solubility of
resin components depended very much on the pH
during extraction. This was indicated by the increasing
COD concentrations in the filtered extracts of
increasing pH values. Concentrations of 42, 121, 503,
3.153mgCODy/ ¢ (1g resin = 28gCOD) corrresponded to
solutions extracted at the pH values of 7, 9, 11, 12,
respectively. The toxicity of the filtered extracts was
determined after neutralization with HCl. The results of
the toxicily experiments show that alkaline extracted
natural wood resin was highly inhibitory to the activity
of methanogenic bacteria. as shown in Figure 4.

V. DISCUSSIONS

In this study we have demonstrated that various
wood resin compounds are highly toxic to methane
bacteria. The results show that apolar phenols, volatile
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terpenes and resin aieds caused a 50% inhibition of the

maximum  specific  methanpgenic  activity  at
concentrations ranging from 20 to 110mg/ ¢. Eugenol
and 4-terpineol with 50% inhihitory concentrations of
274mg/ ¢ and 330mg/ L, respectively, were somewhat
less toxic. The nontoxicity of several triterpenes was
established this  study.
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They observed that the presence of orange essential
oil, composed mostly of limonene, at concentrations
higher than 50mg/?¢ in the wastewater resulted in
inhibition.  Terpenic
extracted from numerous plants as well as various

methanogenic essential  oils
cormpounds isolated from the oils were also found to be
inhibitory to the methanogenic activity of rumen
bacteria”. Furthermore, Minami et al. have identified
several monoterpenes and sesqui-terpenes as the major
constituents of the woody oil that inhibited the
anaerobic digestion of kraft evaporator condensate.
Finally, at least two reports are available indicating
that abietic acid, a resin acid, is highly inhibitory to
methane bacteria® .

LCFA are distinctly less toxic to methane bacteria
than other resin constituents. The concentrations of
various individual LCFA causing a 50% acetoclastic
inhibition reported by Koster and Kramenr”. The
toxicity of wood resin compounds to microorganisms
other than methane bacteria is also indicated in the
literature. Crane et al observed that cellulose digestion
hy ruminal bacteria was inhibited by the monoterpene
hydrocarbons limonene and a -pinene™. The inhibitory
effect of the terpenic juniper herrv lils on ethanol

]'U) In

fermentation has been noted by Veljkovic et a
other studyv, various terpenic compounds extracted from
commercial species caused complete fungal growth
inhibition'”. Zemak et al. have also described the
inhibitory  effect  of

compounds on the growth of selected bacteria, yeast

several  resinous  aromatic
and fungi, isoeugenol was found to be the most potent
inhibitor of the compounds tested in their experiments,
concentrations that completely inhibited the growth of
the organisms studied ranged from 50 to 250mg/ ¢ .
The factors determining the methanogenic toxicity of
wood extractives are not yet fully described hut the
hydrophobic character of these compounds probably
plays an important role. Lipid solubility and surface
activity have been previously comrelated with the
antimicrobial actions of lipophilic organic compounds.
The inhibitory effect of LCFA has been attrihuted to

-7 -
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their adsorption on the bacterial cell walls. Destruction
of cell membrane, disturbance of cell division by
changes in surface tension and non-defined chemical
interactions are postulated as possible toxicity
mechanism'?.

Structural features of volatile terpenes, resin acids
and apolar phenols assoctated with increasing
hydrophobicity include aliphatic side chains on aromatic
or alicylic hydrocarbons, the presence of benzene
functional groups and a general lack of polar
substituents.  Likewise, an increase in  alkyl
substitutions and the presence of benzene groups has
been reported to be associated with an increasing
toxicity  of  organic compoundsm. Triterpenic
compounds, though highly hydrophobic, did not cause
inhibition at
A distinct feature of triterpenes

methanogenic relatively  high
concentrations.
compounds as compared to the very toxic volatile
terpenes 18 their higher molecular weight. Mocular
weight has been found to be an important factor in
determining the toxicity of resinous compounds.

Anderson and Scheffer observed that polymerization
of aromatic terpenes was assoclated with a decrease in
toxicity towards fungi. Monomeric aromatic compounds
have been found to be mare effective inhibitors than
their dimeric homologs™.

Anaerobic  biotransformation of organic toxins, that
may result in less inhibitory products or cause
complete mineralization, also have an important role in
determining  the methanogenic inhibition of resinous
compounds.  The toxicity of LCFA is known to be
largely affected by the anaerobic biodegradability of
these compounds. Low concentrations of LCFA, which
are readily hiodegraded m anaerobic environment, have
a stimulatory effect on the methanogenic activity.

Furthermore, an  intermediate  recovery of the
activity  has  been
experiments inhibited by LCFA when the anaerobic
degradation of LCFA occurred” . As opposed to LCFA,

typical resin components like terpenic hydrocarbons and

methanogenic observed in

resin acids are believed to be recalcitrant or slowly

KOREAN I. SANITATION Vol.12. No.3, 1997
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biodegradable in anaerobic environments. In agreement
with this idea, a poor removal of resin acids has been
observed during anaerobic treatment of bleaching
wastewaters. Furthermore, Schink suggested in this
study on the anaerobic metabolism of unsaturated
hydrocarbon, that factors such as branched carbon
chains, hydrocarbon rings and lack of polar functional
groups, like carboxyl and hydroxyl groups, prevent
anaerobic microbial mineralization. In any case, it
should be noted that partial degradation of squalene, a
triterpenic compound, has been reportedls".

Natural wood resin are composed of a variety of
fatty constituents as listed im Table 1. These
components are hydrophobic and poorly soluble in
water at neutral to acid pH values. In alkaline
conditions, resin solubility increased due to the
solubilization of acidic compounds, like resin acids and
LCFA. A higher solubility crude spruce resin extracted
in alkaline solutions as compared to neutral aqueous
solutions was observed in our experiments. The
toxicity results showed that alkaline aqueous extracts
of natural spruce resin inhibited the methanogenic
activity of the granular sludge used in this study.

Extracts concentrations causing a 50% inhibition
corresponded to 130mgCOD/ £. The increased solubility
of resin at high pH, indicates that resin toxicity will
be more important in forest industry wastewaters
generated from pulping or bleaching processes that use
alkaline conditions. Additionally, resin toxicity i1s more
likely greater in wastewaters derived from soft- as
compared to hardwoods. Coniferous wood resin
contains high proportions of resin  acids and
monoterpenes whereas deciduous wood mainly contains
triterpenes, but does not include resin acids not
monoterpenes.

V. CONCLUSIONS

This study indicates that wood resin is highly toxic
to methane bacteria. Extracts of crude spruce resin
resulted in high methanogenic toxicity. The 50%

o9 8t 3] X #1237 33(1997)

inhibiting concentration was 50 mg/ . The most toxic
constituents of wood resin are resin acids, volatile
ferpenes  and  apolar phenols, which caused 0%
inhibition of the maximum specific methanogenic
activity at concentrations ranging 20 to 274mg/¢. In
contrast, triterpenes were nontoxic at the highest
concentrations tested, 1,000 to 1,300mg/ £.

These results suggest that the potential toxicity of
wastewaters containing wood resin constituents or
related compounds should not be neglected when
evaluating the feasibility of anaerobic wastewater
treatment process.
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