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R.D. Mortimer
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Pointe Claire, Quebec, Canada.

ABSTRACT

Coniferyl alcohol is the major building block of softwood
lignin. Although its formation in the cooking liquor during
kraft pulping is predicted by the proposed mechanism, it has not
been previously found at any appreciable concentration during
alkaline delignification. The reason for this is its instability
in hot caustic liquors. I have observed the formation of coni-
feryl alcohol at suprisingly high concentrations as a transient
product of delignification of softwood chips in soda, soda-
anthraquinone (AQ), kraft and kraft-AQ pulping under normal con-
ditions. Higher yields were obtained with woodmeal than with
chipgs. The maximum concentration 1s reached at the end of the
initial delignification phase during the rise-to-temperature and
is particularly dependent on the nature and quantity of additives
such as Na,S, AQ and anthraquinone mono-sulphonate. This obser-
vation supports the proposed mechanism of alkaline delignifica-
tion and is, in fact, the first evidence of this mechanism based
on wood rather than model compounds.

INTRODUCTION

Coniferyl alcohol (CA) is the major building block of soft-
wood lignin (1). Although enzymic oxidation of the phenolic
alcohol leads to polymer formation even in vitro, depolymerisa-
tion of lignin has ylelded only minimal amounts of the monomer,
in spite of the fact that 1its formation 1is predicted by the

383

Copyright © 1982 by Marcel Dekker, Inc.



13: 44 25 January 2011

Downl oaded At:

384 MORTIMER

OH

OCH,
OH

Coniferyl Alcohol

mechanism of kraft pulping (2). Indeed, rather special condi-
tions are needed to produce any coniferyl alcohol at all. For
example, hydrolysis of spruce woodmeal for lh with 502 dioxane-
water at 140-180°C gave a maximum yield of coniferyl alcohol of
1.7% based on Klason lignin (3). Ralsanen (4) generated CA under
mild alkaline conditions by treating spruce woodmeal with 0.2 M
Na,S in methanol at 100°C. The author claimed that the yileld of
coniferyl alcohol amounted to 0.5-3% of the lignin depending on
the reaction time, temperature and sample of wood. Ashorn (5)
treated spruce sawdust with buffered, aqueous Na,S (pH 8.5) for
72h at 100°C and detected CA in unspecified amount by paper chro-
ratography.

Under normal pulping conditions, however, CA may be entirely
abgent from spent pulping liquor. A recent, comprehensive analy-
sis of the monomeric phenolics in kraft black liquor by GC and
GC/MS did not reveal coniferyl alcohol among the identified mono-
mers (6). On the other hand, Glerer and Lindeberg (30) have
reported CA as a minor, phenolic component of kraft spent liquor,

although no structural proof was presented.

Nevertheless, coniferyl alcohol and coniferyl alcohol-like
structures are considered important intermediates in the degra-

dation of the p~hydroxyl arylglycerol-8-aryl ether units of lig-
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nin (7, 8). Figure 1 presents the scheme developed by Glerer
(31, 32) and by Brunow and Miksche (33-35) to explain the role of
sulphide 1in accelerating delignificationm. According to this
hypothesis, coniferyl alechol would be readily formed from a
phenolic precursor during kraft pulping. Brunow and Miksche (9)
pointed out, however, that coniferyl alcohol would be present
only at low, steady-state concentrations in the liquor of a kraft
cook because it 1s only moderately stable 1in alkaline media at

pulping temperature.

A few years ago, anthraquinone (AQ) was demonstrated to
accelerate delignification (10). Shortly thereafter, Landucci
(11), then Gierer (12), showed that the reduced form of AQ (AQ,7)
combined with quinone methides to form a thermally unstable inte-
rmediate. Collapse of this adduct resulted in B-aryl ether clea-
vage and formation of the original AQ. Based on these observa-
tions, the mechanism of soda-AQ pulping is thought (11,12) to
resemble that of kraft pulping, 1llustrated in Fig. 1, with the
exception that reduced AQ takes the place of sulphide ion. This
leads to the same result: accelerated B-aryl ether cleavage and
formation of coniferyl alcohol. I wish to report that CA does in
fact occur in kraft, kraft-AQ and soda—-AQ liquors at surprisingly
high concentrations depending on the additive and its charge but
only during the rise-to-temperature of the cooks (110-170°C).

RESULTS AND DISCUSSION

To determine the profile of the anthraquinone caoncentration
during soda—-AQ pulping of black spruce, samples were withdrawn
from a 20L digester at regular intervals for HPLC analysis (13).
The CH3CN extracts of these samples contained not only AQ but
also a number of other liquor components. One such compound, now

identified as coniferyl alcohol, was found to increase markedly
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during the rise-to~temperature and then to disappear. At subse-~
quent mill trials of soda-AQ pulping of mixed hardwoods, the same
phenomenon was again observed. Figure 2 shows the profiles of
the coniferyl alcohol concentrations from two, hardwood, wnill
trials and from two laboratory cooks of softwood. During the
mill trials, the maximum AQ concentrations measured were 42.4 and
233 mg/L for trials 1 and 2, respectively. This was the first
indication that the AQ charge could affect the maximum coniferyl

alcohol concentration.

Identification of Coniferyl Alcohol

That the unknown was coniferyl alcohol was first suggested
by comparison of the UV spectra and HPLC retention times of vinyl
guaiacol and isoeugenol with those of the unknown peak. Figure 3
shows that the UV spectra are essentially identical. The order
of elution (6.6, 9.9 and 1ll.4 min. for the umknown, vinyl guai-
acol and isoeugenol respectively) indicated that the unknown was

a more polar compound than vinyl guaiacol or isoceugenol.

The unknown was then 1solated from a CH,Cl, extract of a
neutralized cooking liquor from a soda—-AQ, softwood cook which
was stopped at 140°C during the rise-to-temperature. Comparison
of the mass spectrum, melting point, UV spectrum and HPLC reten-—
tion time of the isolated solid with those of a commercial sample
of coniferyl alcohol confirmed the structural assignment.

Analysis of coniferyl alcohol in pulping liquor

Whereas HPLC analysis of the CH3CN extract of the pulping
liquor might have provided a convenlent means of determining the
coniferyl alcohol concentration, the extraction efficiency was
low (15-25Z) when equal volumes of acetonitrile and liquor were

used. TFurthermore, the dependence of extraction efficiency on



389

FORMATION OF CONIFERYL ALCOHOL

*gadm
—ouom paip[al pue ToyodTe TAIJFuod Jo exjdads A *I11 °an3t4

wu ‘Yjbusjorem

00¢ 002 Q0€ 00¢ 00¢ 002
T T T T T ™ 0

_ eoueqiosqy
s'0 aAnejay

jooeient JAujA jouebneos| joyooye jAiejjuo)

1102 Alenuer Gz v¥:€T IV Papeo |uwog



13: 44 25 January 2011

Downl oaded At:

390 MORTIMER

OH

o OCH,
oM

Absorbance 4o L
(254 nm)

Time, min

Figure IV. Isochratic portion of the HPLC analysis of coni-
feryl alcohol in alkaline pulping liquor.

coniferyl alcohol concentration was unknown. To circumvent this
potential problem an analysis was developed based on the liquor
itself (see Experimental). Figure 4 represents the isochratic
portion of a typical HPLC chromatogram. The UV spectrum of the
coniferyl alcohol peak (the HP 1084B 1liquid chromatograph has a
stop flow-UV sgcan capability) suggested that it was a single
component. The small peak at 8.5 minutes is vanillin, while the

other peaks are thought to arise from carbohydrate degradation.

In order to measure the coaniferyl alcohol concentration
accurately, aliquots (10 uL) of standard solutions (10-200 mg/L)
of both 1isolated and purchased material were injected into the
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HPLC. A plot of peak area versus concentration provided a cali-
bration curve for subsequent liquor analyses. Since liquor sam-
ples were diluted 5-10 times, the range of standard concentra-
tions was sufficient for our purposes. The standard curve was
necessary, however, since the absorbance-concentration relation-
ship was linear only below 50 mg/L (500 ng) of coniferyl alcohol.
The reproducibility of the analysis would be improved if an in-

ternal standard were added to the samples (13).

The Coniferyl Alcohol Concentration Profile

Coniferyl alcohgl production is much affected by the pre-
sence of AQ or sulphide and increases in the order, soda < kraft
<< soda-AQ ~ kraft-AQ. Figure 2 shows concentration profiles for
coniferyl alcohol produced during kraft and kraft-AQ cooks of
black spruce (20L digester) and during soda-AQ cooks of mixed
hardwoods (mill trials). For reference, the maximum concentra-
tion of coniferyl alcohol found in a softwood soda cook has also
been included. This value, 63.7 * 3.5 mg/L, was derived from
three separate 1L bomb cooks (see Experimental). All the profile
maxima 1llustrated in Figure 2 occur at the same temperature,
145 t 2°C, regardless of the time-to-temperature profile, wood

type or nature of the cooking liquor (see Table I).

Factors Affecting the Yield of Coniferyl Alcohol

1. The Additive Charge

Analyses of mill liquors and liquors from lab. cooks had
indicated that the maximum coniferyl alcohol concentration was
related to the additive charge and, possibly, to the type of
additive. 1In order to define these relationships, a series of
bomb cooks of black spruce chips were done at varicus anthra-

quinone and anthraquinone monosulfonate (AMS) charges. In all
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TABLE II. Coniferyl Alcohol Produced in Alkaline Cooking
with Various Additive Charges

CA in Liquor at 140°C,

mg/_Ll 2

Charge of Additive, Additives
% on o.d. wood AQ AQ (Duplicate) AMS”
0 66.8 60 n.a.
0.012 n.a. 163 n.a.
0.048 n.a. 323 n.a.
0.10 405 480 n.a.
0.20 533 640 155
0.40 635 760 210
0.80 675 n.a. 300
1.6 733 n.a. 425

! The deviation in duplicate CA analyses was * 0.5Z.
2 Liquor-to-wood = 4 L/kg, EA = 45 g/L as Na,0, 25-140°C in 72 min.
3 S0dimm anthraquinone monosulphonate monohydrate.

cases, the bombs were heated from 25°C to 140°C at 1.6°C/min then
quickly chilled. The results are listed in Table II and plotted
in Figure 5.

The apparent gap between the two AQ series is probably due
to the use of different batches of chips. At 140°C the larger
chips (thickness, >4 mm) were incompletely penetrated. Small
differences in the chip size distribution would account for the
observed variation of the coniferyl alcohol yield. The chips
used for the first AQ series and for the AMS series were from the
same batch; therefore, the higher yield of CA from AQ is consis-
tent with the greater activity of AQ as a delignification cata-
lyst compared to AMS (10).
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Figure V. The formation of coniferyl alcohol from black
spruce chips as a function of additive charge.

Because of the incomplete penetration of wood chips at 140°C
and below, many of the subsequent experiments were done with
woodmeal. CA yilelds were invariably higher (20-602Z) when using

meal rather than chips.

Werthemann and Pekkala (14) recently observed a linear rela-
tionship between the reciprocal of the Kappa mumber of the pulp
and the square root of the AQ charge up to an AQ dose of ~0.3Z.
For AMS, the plot was linear for all charges tested, up to 32 AMS
on o.d. wood. Likewise, when the coniferyl alcohol concentra-
tions were plotted against the square root of their respective
charges, the relationship was linear (Figure 6) for AQ up to an
AQ dose between 0.2 and 0.4Z% and for AMS throughout the range
tested (<1.6X). The curvature of the AQ plots in Figure 6 above
an AQ charge of ~0.2% may be due to incomplete solubility of the
anthraquinone. Fine, yellow crystals of AQ were observed in the
spent 1liquors at the higher AQ charges. This was especially

noticeable when the experiments were done at 125°C (see later).
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Figure VI. The linear relationship of coniferyl alcohol con-
centration and the square root of the additive
charge.

2. Effect of Temperature

Examination of the CA concentration profiles in Figure 2
shows that CA formation is a function of time. Because this part
of the cooking cycle 1is the rise-to-temperature, CA formation is
also a function of temperature. During the rise to [CA]max at
145°C, the curve passes through an inflection point at 125°C
which is the point of optimum CA formation, i.e., rate of forma—
tion is highest relative to rate of degradation. Figure 7 shows
the formation of CA at three different temperatures: 110°C, 125°
and 140°C. In each case, the cooks were started at 80°C and
heated to the required temperature at 1°C/min and held there. At
110°C, the rate of CA formation was slow and the CA concentration
remained low. At 140°C, the rate of degradatfon rapidly became
dominant and the coniferyl alcohol maximum concentration was

passed within a few minutes at temperature. At 125°C, a plateau



13: 44 25 January 2011

Downl oaded At:

396 MORTIMER

1000 [—
/" T 125°C
a
- ]
[N
Conc., / D
500 {-
mg/L *°°] >
L] ) 110°C
g \. 14°°C
. .
ol ./l A 1 1
(o] 30 60 90 120

Time at Temp., min

Figure VII. The effect of temperature on formation of coniferyl
alcohol from black spruce chips: Liquor-to-wood =
5 L/kg, 1N NaCOH, 0.1% AQ on o.d. wood.

was reached after about 60 minutes showing that the rate of

degradation was relatively slow at this temperature.

The rise-to-temperature is a critical time in the pulping
cycle. Unfortunately, the number of interrelated variables makes
it complex. Thus, changing the cooking temperature in soda-AQ
pulping alters not only the balance of coniferyl alcohol forma-
tion and degradation but also the concentration of dissolved AQ.
During attempts to maximize the production of coniferyl alcohel,
charges of 0.1 and 0.4 AQ yielded the same CA concentration
after 60 min at 125°C. Presumably, the higher charge was not
fully dissolved. At 140°C, the higher AQ charge produced more
coniferyl alcohol than the lower charge, consistent with the

plots in Figures 5 and 6.
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3. The Alkali Charge

Black spruce woodmeal was cooked at 125°C for 60 min at
various alkali concentrations (L:W = 10, AQ = 0.1Z). The final
concentrations of coniferyl alcohol in the cooking liquors are
presented in Figure 8 (upper curve) as function of initial alkali
concentration. The CA level reached a maximum concentration at
0.35 NaOH and then gradually declined. The lower curve in Figure
8 shows the residual alkali levels 1in the cooking liquor as a
function of 1initial alkali. There was no significant residual
until the initial alkali was 0.3N, at which point the CA concen-
tration had reached a plateau. The yleld of coniferyl alcohol
seems to be independent of the alkall charge provided that there
igs enough alkali to neutralize all acidic functional groups.

Further increases in the alkalinity cause degradation of CA.

800 '1 1.2

-
s =

.\. .
\.
Conc., /. Residual

mg/| - 0.6 alkali,N
200 /”

!

400 -

e
AN
1
[«
(X

initial alkali, N

Figure VIII. The effect of alkall concentration on coniferyl
alcohol formation from black spruce woodmeal.
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The same observation was made with black spruce chips under
the same conditions (except L:W = 35). The maximum coniferyl

alcohol concentration was reached between 0.25 and 0.5 N NaOH.

4. The Effect of the Liquor:Wood Ratio

Table II1 1ists the concentrations of coniferyl alcohol
produced by cooking black spruce chips for various periods of
time at 125°C at L:W = 5 and L:W = 10. There was a significant
reduction in the amount of CA produced when the L:W ratio was
increased. This 1s as expected. When the liquor:wood ratio is
increased at a coastant AQ charge, a larger fraction of AQ will
be in the liquor (15) and less will be present in the wood to
boost the CA yield.

A similar observation was made with black spruce woodmeal

cooked for 60 min at 125°C (Table IV). As the L:W ratio increas-
ed the yield of coniferyl alcohol based on lignin decreased until

TABLE IV. The Effect of L:W Ratio on CA Formation (Woodmeal)

CA Yield,
Sample¥* L:W Ratio CA, mg/L X of lignin
1 10 475 1.70
2 15 291 1.56
3 20 176 1.26
4 25 145 1.29
5 30 123 1.32
6 35 105 1.31

* time to temp. = 45 min (80-125°C); AQ = 0.1Z; 1N NaOH
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L:W = 20 was reached. Above this ratio, the yield became rela-

tively constant. The reason for this is, as yet, unknown.

5. Effect of Wood Type

Whereas softwood lignin i1s essentially a polymer of coni-
feryl alcohol, hardwood lignin is a co-polymer of two phenolic
monomers, coniferyl and sinapyl alcohols (16). If they are in-
corporated into the hardwood 1lignin in the same manner, with
proportionally the same number of free phenolic groups, one might
expect both coniferyl and sinapyl alcohols in the liquors of AQ-
catalysed cooks. Preliminary results on poplar and white birch
indeed show that both monomeric phenols are formed in soda-AQ

cooks.

6. Effect of Methylating Wood

Our present knowledge of alkaline delignification indicates
that there are two significant pulping stages, the initial and
the bulk delignification phases (17-20). In the initial phase
which occurs during the rise-to-temperature, the lignin units
with free phenolic hydroxyl groups are thought to react in the
manner outlined in Fig. 1. The lignin units with etherified
phenolic hydroxy groups can not react until the reaction tempera-
ture is sufficlent (150-170°C) to accelerate hydroxide ion cleav-
age of the B-aryl ether groups (21). Naturally, any free pheno-
lic hydroxy groups released as a result of this ether cleavage

can undergo the reactions characteristic of the initial phase.

Diazomethane reacts rapidly with acidic hydroxyl functions
found in phenols and carboxylic acids. Gierer (17) has demon-
strated that reaction of woodmeal with diazomethane effectively
inhibits the initial delignification phase but not the bulk de-
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lignification phase. We have observed a 95% reduction in coni-
feryl alcohol formation (910 +* 50 mg/L) as a result of methyla-—
tion of spruce woodmeal with excess diazomethane. This observa-
tion indicates that coniferyl alcohol is formed from a precursor

with a free phenolic hydroxy group.

7. Supplementary Observations

a) Kubes et al. (22) have demonstrated the ability of amines, in
particular ethylene diamine (EDA), to accelerate alkaline
delignification. We have observed no significant increase in
the production of coniferyl alcohol, however, by adding either
EDA or NH; to a soda cook even at charges of 200Z on o.d.

wood.

b) Once the lignin precursor of coniferyl alcohol has been ex-
posed to alkaline pulping conditions, one might expect it to
be destroyed whether it generated coniferyl alcohol or follow—
ed other reaction pathways. 1t was, therefore, not surprising
to find that kraft lignin produced no coniferyl alcohol in a
soda-AQ cooking liquor after lh at 125°C. Glucose was added

to the reaction mixture to reduce AQ.

In contrast, several industrial 1lignin sulphonates did form
coniferyl alcohol when treated with alkali and AQ at 125°C.
With a charge of 0.25X AQ, the ylelds of coniferyl alcohol
were 1in the range of 0.5-0.752 (based on lignin sulphonate
weight). These values are similar to those observed in the
case of wood. Those lignin sulphonates containing reducing
sugars needed no addition of glucose. 1In the absence of AQ,

however, the yield of coniferyl alcohol dropped by 90%.

The greatest difference between the formation of CA from wood

and from 1lignin sulphonate 1s the greater reaction rate of
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Figure IX. Concentration profiles of coniferyl alcohol and two
of its degradation products during soda-AQ pulping
of black spruce chips. Acetonitrile extracts of
the pulping liquor were analysed by HPLC for vinyl
gualacol and 1isoeugenol, whereas coniferyl alcohol
was measured in the liquor directly.

lignin sulphonate. By the time the reaction vessel has reach-
ed temperature (25-125°C in 47 min.), the maximum concentra-
tion of coniferyl alcohol has been reached (a further 60 min
at 125°C was required for wood [Fig. 7]. In a series of cooks
with anthraquinone monosulphonate (82), a maximum yield of CA
of 0.937 was attained within 30 min of adding the reaction
vessel to the oil bath at 125°. Whether the faster rate is
due to the homogeneous conditions or to a modification of the
CA precursor under sulphite pulping conditions i1is mnot yet

known.
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c) The possibility of developing coniferyl alcohol as a chemical
product like wvanillin was explored, but no simple, low-cost
isolation method has been found. Coniferyl alcohol was not
steam volatile from the cocking liquor, even after neutraliza-
tion; and unlike wvanillin, it could not be extracted from the
alkaline liquor with n-butanol (23). Furthermore, no success
was achieved 1in attempts to adsorb CA from alkaline llquor
with either XAD-2 resin or sawdust (24). The laboratory pro-
cedure for isolating coniferyl alcohol requires extraction of
neutralized liquor and is probably impractical. Neither hex-
ane nor toluene extracted CA to any extent, although toluene
has potential for counter-current methods. It was necessary
to use solvents such as ethyl acetate, ether, methyl ethyl
ketone or methylene chloride. When cooking liquors from wood
are neutralized, the precipitated lignins tend to emulsify the
extracting solvents. The resulting emulsions were slow to
geparate unless centrifuged. In the case of lignin sulphonate
cooks, however, there 1is no precipitate on neutralization

and the problem of emulsions is minimized.

All our efforts to produce high yields of coniferyl alcohol
were also thwarted. The maximum yield of coniferyl alcohol that
we have produced was 3.5Z based on lignin. This level was at-
tained with black spruce woodmeal after 60 min at 125°C in N
NaOH (L:W = 10) containing 0.82 AQ and 20X glucose based on o.d.

wood.

Degradation of Coniferyl Alcohol in Alkaline Liquors

The salts of vinyl guaiacol (I) and isoeugenol (II) are
reported to be among the numerous products formed when coniferyl
alcohol 1is treated with white liquor (7, 35, 36) or soda-AQ (37)

at 170°C, and certainly these two products are revealed in the
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HPLC chromatograms of the liquor extracts. The efficiencies of
extraction of these substances into acetonitrile are presently
unknown; therefore, the concentrations plotted in Figure 9 are
only estimated values. The concentration increases of these two
compounds, nevertheless, correspond to the disappearance of coni-
feryl alcohol from the liquor, supporting the concept (7) that

the compounds are degradation products of CA (equations 1 and

2).
OH
H
& — + HCHO
OH CH,0 CH,0 (1)
O t=)
O (=)
CH 0 A;0= A;Q CH,0 (2)
o Q (=)

GENERAL DISCUSSION

It 1s evident from Figure 2 that the maximum concentration
of coniferyl alcohol results from a balance between a reaction
forming CA and a reaction destroying CA. In this respect, the
overall process can be represented by a series first-order re-

action as in equation 3 (25). In this series, A would be the CA

A » B *+ C (3)

precursor, B would be coniferyl alcohol and C, the degradation

product(s) of coniferyl alcohol. Equation 3 can produce more
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than one concentration profile for B depending on whether k) and
k, have similar temperature coefficients; {i.e., similar activa-
tion energies, and whether [A] is constant or not. The component
A, of course, cannot be constant if it 1s being consumed except
in the case where B 1s generated by cleavage of a terminal unit
from a chain of like units in such a way that another terminal
precursor unit is regenerated after each cleavage until the whole
chain 1s consumed. Whereas such a series of events may be occur-
ing to some extent in the formation of coniferyl alcohol, our
present knowledge of delignification indicates that the process
is far more complex. In subsequent discussion, the statement
that [A] 1is constant simply means that the precursor unit is not

depleted during the early phase of the reaction.

If we assume that [A] 1is constant and that k; and k, have
similar temperature coefficients, we would expect the concentra-
tion of coniferyl alcohol to rise with temperature and approach a
plateau level at or near cooking temperature. This does not
occur (Figure 2); therefore, either [A] 1is not constant or the

temperature coefficients are substantially different.

If we continue to assume that [A] is constant, but now con-
sider that the reaction destroying coniferyl alcohol may have a
substantially higher activation energy than the one forming CA,
we could produce a concentration profile for CA similar to the
ones in Figure 2. Present evidence is not sufficient to dismiss
this possibility entirely, but there are indications that it is
unlikely. The rate determining steps for formation (eq. 4) and
for degradation (eq. 5) of coniferyl alcohol are thought to in-
volve elimination of a hydroxyl group to form a quinone methide
and a vinylogous quinone methide, respectively (9). The nature
of these two steps 1is too similar to expect substantially dif-

ferent activation energies. Because of the increased conjugation
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OH

LIGNIN-O LIGNIN-0
OH
+“ou
OCH,
4

=)0 ( )

OH

+ “on (3)

oCH, OCH,

-0

in the structures of equation 5 compared to equation 4, the acti-

vation energy for k, might even be lower than that for k,.

If k; and k;, do have similar activation energies, then the
first assumption wmist be incorrect; 1i.e., the concentration of
precursor A cannot be constant but must decrease as the tempera-
ture rises in the cooking cycle. Figure 7 shows a concentration
profile for coniferyl alcohol formed at 140°C. A plot of log[CA]
versus time for the last four points gives a straight line whose
slope, the rate constant for coniferyl alcohol degradation, is -
1.45 x 10~* mmol.L~l.sec~l. Gierer et al (7) measured the decay
of coniferyl alcohol at 140°C in 1.06 N NaOH (no AQ). A similar
plot of their data produced a line with a slope of -1.50 x 10~“
mmol.L~l.sec™!. The equivalence of these two values suggests
that little or no further coniferyl alcohol 1is formed once the
maximum concentration 1is reached. This conclusion 1is supported
by the result of the following experiment. Wood chips were cook-
ed with NaOH to 140°C, then washed and re-cooked with NaOH-AQ to
the same temperature. The amount of coniferyl alcohol measured

in the second part of the two-stage NaOH- AQ cook was only 25X of
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that measured in a normal NaOH-AQ cook. The initial alkali
treatment clearly destroyed a high proportion of the coniferyl

alcohol precursor; therefore, [A] cannot be constant.

The most satisfactory explanation for the coniferyl alcohol
concentration profile is that CA is formed by the reductive pro-
cess illustrated in Figure 1 from a lignin structural unit:l which
is present in the lignin macromolecule in only limited amount.
By the end of the Initial delignification phase, this unit has
been entirely consumed, no further CA 13 produced at that temper-
ature, and the already formed CA is rapidly destroyed by alkaline
degradation reactions. As hydroxide 1ion cleaves B-aryl ether
groups from the etherified 1lignin macromolecule at the higher
temperature of the bulk delignification phase, the concentration
of the precursor unit can be renewed. At this temperature
(170°C), however, the CA formed 1is quickly degraded and is not

easily observed.

What 1is the nature of the coniferyl alcohol precursor? All

the evidence suggests that it is the terminal group III.

OH

HO O-LIGNIN

OCH,
OH

III

It 1is unlikely that the a-position of III 1is occupled by
either phenoxy ether or by carboxylic ester groups. Both of
these units are excellent leaving groups under basic conditions

and would be expected to form quinone methides even at room tem—
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perature (9). Coniferyl alcohol begins to form (from wood) only
at 110°C. The leaving group is likely, therefore, to be a hy-
droxyl or alkoxy group. The faster rate of CA production from

lignin sulphonate may be due to sulphonation at the a-position.

The need for a free phenolic hydroxyl group in the precursor
was demonstrated by the large reduction in CA concentration when

the woodmeal was methylated with excess CH,N,.

The precursor is not simply an esterified coniferyl unit.
1f that were so, CA concentration would not be a function of the
AQ charge. Coniferyl alcohol is a product of a reduction sequen-
ce; most likely, that proposed by Landucei (11) and Gierer (12).
This necessitates a leaving group at the B-position, probably an

aryl ether group.

Yang and Goring's determination of 0.1 free phenolic groups
per Cg-unit (26) suggests that a yield of coniferyl alcohol of
102 or more based on lignin would be possible. Our failure to
achieve more than a third of this level suggests that some of the
free phenolic groups may lack a satisfactory leaving group at the
B-position or have links at C-=5. This may be due to phenyl-
coumaran— or pinoresinol-types of structures adjacent to the Cg~

unit with the free phenolic group.

It 1is probably no coincidence that the transition from in-
itial delignification phase to bulk delignification phase (140-
150°C) occurs at the same temperature as that at which the pro-
duction of coniferyl alcohol ceases. The formation of coniferyl
alcohol shares a number of characteristics of the initial phase:
it is independent of the alkali concentration, it is independent
of the rate of rise-to-temperature and it ends between 140 and
150°c. The precise relationship of CA formation and initial
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phase delignification remains to be determined. Bihani and
Samuelson (27) have observed a catalytic effect of AQ on deligni-
fication at 120°C. Their results support a YAQ charge relation-
ship for initial phase delignification. Similarly, an increase
in sulphide causes proportionately more delignification in the
initial stage (28).

Our conclusion 1s that the coniferyl alecohol observed during
the rise-to-temperature is most likely a product of initial phase
delignification and that it is formed in the manner depicted in
Figure 1 when sulphide or AQ is present. Considering the evi-
dence that initial phase delignification occurs predominantly, if
not completely, in the secondary wall (29), it is also possible
that the precursor of coniferyl alcohol is a characteristic unit
of the secondary wall lignin but not of the middle lamella lig-
nin. This relates to the free, phenolic hydroxyl content of each

region.

EXPERIMENTAL

General

Coniferyl alcohol (Fluka, puriss.) and 1isceugenol (Aldrich)
were used as received. Anthraquinone (Anachemia) was recrystal-
lized from dimethylformamide then ground to a fine powder. Anth-
raquinone sodium 2-sulfonate (Anachemia) was recrystallized from
water. Ligninsulphonates (Norlig A, Maracarb N; and N,, Mara-
sperse N22) were obtained as dry powders from American Can. Co.,

Streator, Illinois.

Kraft 1lignin was obtained by filtration of an acidified
(H,S0,) fresh black liquor from a black spruce cook (18X AA, 30%
S, 1400 H). The recovered solid was air dried then extracted
with CH,Cl, for 24 hrs (Soxhlet).
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Vinyl guaiacol was prepared by decarboxylating ferulic acid
(Aldrich) in quinoline (200°C, 15 min) followed by steam distil-
lation of the reaction mixture. The condensate was acidified and
extracted with CH,Cl,. The extract was evaporated and the resi-
due was distilled bulb to bulb (10mm Hg). The colourless distil-
late (102 yield) had a molecular ion of 150 a.m.u. and a single
peak on HPLC (RP-18, gradieat 15-90Z CH3CN in H,0, pH 3).

Routine mass spectra were run on a Hewlett—Packard 5985 in
the E.I. mode (70 ev, ion source = 200°C). HPLC analyses were
done on a Hewlett—-Packard 1084B liquid chromatograph. Melting
points were done on a Fisher-Johns apparatus and are uncorrect-
ed.

Initial and residual alkali concentrations were determined

by potentiometric titration to pH 10.5 with dilute HC1.

Cooking Procedures

The laboratory cooks were done in autoclaves of 250 mL, 1000
nl. and 20 L capacity. The 250 mlL bombs were maintained station-
ary in an oil bath and, in order to ensure complete wood contact
with the liquor, the L:W ratios were 5 and 10 for chips and wood-
meal respectively. The 1000 mL bombs were attached at an angle
to a rotating shaft immersed in ethylene glycol. Only chips were
cooked in these bombs and the L:W ratio was always 4. The 20 L
digester had a recirculation line with a sampling valve. A coil
of stainless steel capillary tubing (lm long) attached to the
valve was immersed in cold water during sampling. The chips for
cooks in the 20 L digester and in the 1L autoclaves were pre-
steamed and L:W ratio was 4 excluding wood moisture. Samples
taken during mill trials were obtained through a sampling valve
on the recirculation line fitted with a cooling coil. The coil
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dead volume was well flushed before a sample was taken for analy-

sis.

Isolation of Coniferyl Alcohol [3-(4'-hydroxy-3'-

methoxyphenyl)-2-propen-1-ol]

A 1000 ml autoclave was charged with black spruce chips (250
g o.d., 66.1% solids), AQ (1.0 g) and NaOH solution (1.0 L, 45
g/L as Na,0) and sealed. The bomb was heated from 25°C to 141°C
in 73 minutes then chilled. The bright red cooking liquor was
poured into a plastic bottle and stored in the refrigerator (3
days). The coniferyl alcohol concentration was 560 mg/L (HPLC
analysis).

A portion (0.5 L) of the cooking liquor (pH ~12) was oxidiz-
ed by bubbling air for 0.5 h then extracted with CH,Cl, (100 mlL x
4), The extract was discarded. The cooking 1liquor was then
adjusted to pH 7 and re-extracted with CH,Cl, (100 mL x 3). The

extract was washed with saturated NaCl, dried over anhydrous,
Na;S0, and then filtered. The CH,Cl, was removed on a rotary
evaporator to yield a light browm oil (0.54 g).

The extracted mixture was eluted through a column of silica
gel (50 g, 0.08 mm grains; Mackerey, Nagel and Co.) with CH,Cl,-
EtOAc (1:1). Flow was 1 mL/min. The collected fractions were
examined by TLC (Si0,, CH,Cl,-EtOAc, 1:1) and like fractions were
combined. Coniferyl alcohol was isolated as a pale yellow oil
which crystallized on standing (222 mg, 80 yield based on the
HPLC analysis, mp. 70-71°C, M" = 180 a.m.u.). The mass spectrum,
the UV spectrum and the retention times on TLC (810,) and HPLC
(RP-18) of the isolated material were 1identical with those of
commercial coniferyl alcohol (Fluka).

Analysis of Coniferyl Alcohol in Pulping Liquor
A 1.0 mL aliquot of cooking liquor was diluted with 9.0 mL

de-ionized water and, then, filtered through a glass fibre disc
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(Gelman, Type A/E, 25 mm). A 10 pL sample of the filtrate was
injected onto a Spherisorb—ODS column (25 e¢m x 4.6 mm, 5 pym part-
icles, Laboratory Data Control) coupled to a UV detector monitor-
ing at 254 om (0.1 AUFS). The mobile phase was 12Z CHCN-H,0 (pH
2.5-3.0) for 12 min then the acetonitrile content was increased
linearly to 90% CH3CN-H,O0 (pH 2.5-3.0) during 8 min to remove
lignin, AQ and resinous materials. The oven temperature was 45°C
and the flow rate was 1.5 mL/min. The retention time of coni-
feryl alcohol was 9.80 + 0.05 min.

Methylation of Woodmeal

Black spruce woodmeal (40-60 mesh) was extracted with THF
(Figher) under N, for 24 hr in a Soxhlet apparatus. Diazomethane
was generated as an alcohol-free ether solution from N-methyl-N-
nitroso-p-toluenesulfonamide (25 g, Aldrich) and used immediate-
ly. Portions of the ice-cold, CH,N, solution (25-50 mL) were
added to a thick slurry of woodmeal (25 g o.d.) in THF at 25°C.
Evolution of N, was vigorous and the yellow colour was soon dis-
charged. Excess solvent was poured off from the woodmeal slurry
as the reaction progressed. The reaction slowed noticeably only
towards the end of the additions in spite of the large excess of
CH,N, [25~30 times the phenolic content of wood, (26)]. After
all colour was discharged from the final addition, the woodmeal
was filtered, washed with fresh ether and air dried.

Klason lignin determinations for the original unextracted
woodmeal and for the methylated woodmeal were 28.0 and 28.8%,

respectively.

A sample of wmethylated woodmeal (5g o.d.) was cooked in a
stainless steel autoclave charged with 1N NaOH (50 mL), AQ (50

mg) and glucose (2g). The temperature of the autoclave was rais-
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ed from 25°C to 125°C in 71 min and then held at 125°C for 60
min. A control cook of extracted woodmeal was done in the same

way.
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