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FACTORS AFFECTING SULPHONATION OF
EASTERN BLACK SPRUCE WOOD CHIPS

C. Heitner, R.P. Beatson and D. Atack

Pulp and Paper Research Institute of Canada,
570, St. John’s Boulevard,
Pointe Claire, Quebec, Canada, H9R 3J9.

ABSTRACT

Eastern black spruce, Picea mariana, chips have been treated to high yields,
at temperatures from 72° to 150°C with sulphite solutions of pH 7 and total SO,
concentrations from 0.1 to 1.0 mol L. The rate of sulphonation of black spruce
chips is directly proportional to the product of concentration of sites available for
sulphonation and the total SO, concentration. The energy of activation for
sulphonation is 62.6 + 2.3 kJ mol''. The rate of lignin dissolution at pH 7 is de-
pendent only upon the temperature. High total SO, concentrations are necessary
for the efficient production of high strength ultra-high yields pulps. It is postu-
lated that sulphonation at pH 7 is governed by a rate limited addition of bi-
sulphite to quinone methide intermediates formed from phenolic lignin units.

INTRODUCTION

Ultra-high yield chemimechanical pulps (CMP) and chemithermomechanical
pulps (CTMP), produced by sulphite treatment of wood chips prior to refining,
have recently grown in importance especially as replacements for low yield chemi-
cal reinforcement pulps in newsprint furnishes 1. Previous work has shown that
the strength properties of handsheets made from these ultra-high yield pulps are
dependent on their sulphonate content 2. As sulphonate contents are increased to
values above about 1.0 per cent on O.D. pulp both breaking length and tear index
increase rapidly with increasing sulphonate content. Thus, in order to produce
strong CTMP and CMP in high yield it is necessary to maximize the sulphonation
and minimize the yield losses occurring in the sulphite treatment. This requires a

thorough understanding of the factors governing the sulphonation reaction.

169
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Studies on the sulphonation reaction began in the late nineteenth century3
when it was recognized that lignin combined with sulphur during sulphite pulping.
Although early research concentrated on the role of sulphonation in delignifica-
tion, several parameters important to sulphonation in high yield pulping were
delineated. It was shown that about one per cent sulphur on wood was obtained
by treating Douglas fir sawdust with acid sulphite at 130° for two hours? and
by treating spruce sawdust with neutral sulphite, pH 6, for five hours®. Further
sulphonation, expressed in terms of residual lignin, occurred at a much lower rate.
It was also not'.ed5 that higher bisulphite concentrations gave pulps containing
more highly sulphonated lignin.

More detailed results were obtained by Lindgren6 in a study covering the
pH range 4 to 9. In this study it was noted that a rapid sulphonation of gpruce
sawdust, to a level of 0.75 per cent sulphur on wood, occurred during the first
hour to be followed by slow sulphonation, to about one percent sulphur on
wood, during the next five hours. Further sulphonation occurred at an extremely
low rate.

Similar observations by Mikawa7 and Noki.hara8 were interpreted in terms
of two concurrent reactions between the sulphite solution and lignin, each
accounting for 1.9 per cent sulphur on lignin and having rate constants, at 135°C,
of 5.4 x 1072 min™! and 4.7 x 10™® min™!. The activation energies for the two
reactions were determined to be 69.1 and 146 kJ mol™! respectively.

Despite these studies there are crucial gaps in our knowledge and under-
standing of the sulphonation reactions which need to be filled before the sul-
phonation of lignin in wood prior to refining can be optimized. Quantitative data
on the effect of sulphite concentration, particularly during the initial stages of the
sulphonation of wood chips, are required.

A study of the sulphonation of spruce chips at pH 7, over a range of tem-
perature and total SO, concentration is described.

EXPERIMENTAL

Preparation of Waferized Chips

Logs of black spruce, Picea mariana, obtained from the North Western region
of Quebec, were debarked and reduced to waferized chips using a prototype
Domtar Axial Feed Waferizer. The chips were screened on an Overstrom Texas
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Shaker Screen using a screen plate with 32 mm diameter perforations and-40 per
cent open area. Average dimensions of the accepted chips were approximately 18
mm square by 3.6 mm. The chips were stored at about 3°C in polyethylene bags

prior to use.

Preparation of Sulphite Cooking Liquors

The sulphite liquor, 1.0 mol L' in total SO,, was prepared by dissolving
104g of analytical grade sodium bisulphite and 33.3 g of sodium hydroxide in one
litre of deionized water. Liquors with the lower concentrations shown in Table 3,
were prepared in a similar manner using the requisite amounts of bisulphite
and hydroxide. For all liquors the ratio of total to combined SO, was 1.14 giving
a pH close to 7.

Treatment of the Chips

a) At temperatures of 120, 140 and 150°C

Approximately 10g OD of waferized chips were thoroughly soaked by
repeated evacuation whilst immersed in deionized water over a period of 7
days at room temperature. The soaked chips were transferred to a 250 mL
stainless steel bomb and soaked for 24 hours, at room temperature, in 220
mL of cooking liquor. The bomb was immersed in a pre-heated constant
temperature bath and the timing begun. The liquor in the bomb reached
temperature, as determined by a thermocouple, in approximately 12 minutes.

After treating the chips for predetermined times, up to 100 minutes at
150°C, the bomb was quickly cooled and the chips were removed and
washed by repeated soaking in deionized water until no more sulphite was
eluted, as determined by a permanganate test. Defibration in a Waring Blen-
dor, followed by further washing with deionized water and drying to con-
stant weight, gave the treated wood in yields between 94 and 99 per cent.

b) At temperatures of 72° and 80°C
The procedures were similar to those used for the higher temperature
treatments except that they were conducted for longer times, up to 3000
minutes at 80°C, in glass containers and the cooking liquor was preheated.
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Treatment of Methylated Wood Meal

The procedure was similar to that used in chip treatments except that only
0.2 to 0.5 g OD wood meal was used and the time of water soaking was reduced to
about 24 h.

Determination of Sulphonate Content of Sulphite Treated Wood

The treated wood was analyzed for sulphur according to CPPA Technical
Section Standard Method G28. Assuming the sulphur analyzed exists as the
sulphonate groupg, the sulphonate content as SO; could be calculated as,

Sulphonate content of treated wood = sulphur content x 2.5

During the treatments the lignin content drops from 27 to 25 percent with a
mean of 26.2 per cent, thus to a good approximation;

Sulphonate content of the lignin (per cent)

= gulphur content of treated wood x 2.5 x 100/per cent lignin on pulp.

= sulphur content x 2.5 x 3.82.

Determination of Lignin Content of Treated Wood

The acid insoluble lignin content of the treated wood was determined by
CPPA Technical Section Method G9. The acid soluble lignin in the pulp was
determined as described in the Tappi Useful Method UM250.

Analysis of Spent Liquor

Dissolved lignin

The quantity of lignin dissolved during the treatment was estimated by
acidifying a sample of the spent liquor with H,SO,, and removing the
dissolved SO, by bubbling air through the solution for 30 minutes. The
dissolved lignin was then determined by measurement of the absorption at
205 nm, assuming an absorptivity of 100 L §'cm™ for sulphonated spruce

SO, concentration
The total and free SO, concentrations were determined iodometrically
by the method of Palmrosel0,
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Methylation of Wood Meal

Black spruce wood meal (40-60 mesh) was extracted with Tetrahydrofuran
(THF) under nitrogen for 24 h in a Soxhlet apparatus. Diazomethane (CH, N, )
was generated as an alcohol-free ether solution from N-methyl-N-nitroso-p-toluene-
sulfonamide (25 g), and used immediately. Portions of the ice-cold, CH, N, solu-
tion (25-50 mL) were added to a thick slurry of wood meal (25 g OD) in THF at
25°C. Evolution of nitrogen was vigorous and the yellow colour was soon dis-
charged. Excess solvent was poured off from the wood meal 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 11). After all colour was discharged from the final addition, the wood meal
was filtered, washed with fresh ether and air dried.

Klason lignin content of the methylated wood meal was 28.8%.

Methoxyl content for the extracted wood meal and methylated wood meal
were 4.12 and 7.19 per cent respectively.

RESULTS

Sulphonate Content of Sulphite Treated Black Spruce Chips

As shown in Figures 1 and 2, the rate of sulphonation decreases as the
reaction proceeds. At higher temperatures and total SO, concentrations the
reaction rate approaches zero at a sulphonate content of 1.95 per cent on OD
treated wood, while at lower temperatures the rate approaches zero at 1.45 per
cent sulphonation. Also, the reaction rate increases with increasing total SO,
concentration and increasing temperature.

Sulphonate Content of Sulphite Treated Black Spruce Methylated Wood Meal

As shown in Figure 3, methylation of spruce wood meal with diazomethane
inhibits sulphonation at pH 7 and 140°C with sulphite liquor 1.0 mol L' in
total SO,. The plateau in sulphonate content for methylated wood meal is only
30 per cent of that for non-methylated wood meal.
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Figure 1. The rate of sulphonation of black spruce chips, at
140° and pH 17, decreases with increasing sulphonate content
and decreasing total SO; concentration and approaches zero at
a sulphonate content of 1.95 per cent on OD treated wood.
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Figure 2. At low temperatures and a total SO, concentration of
0.94 mol L™, the rate of sulphonation approaches zero at
sulphonate content of 1.45 per cent on OD treated wood.
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Figure 3. Methylation with diazomethane inhibits sulphonation
at 140°C and total SO, concentration of 1.0 mol L.

Yields and Lignin Contents of Sulphite Treated Black Spruce Chips

Table 1 shows that as the treatment is prolonged more lignin is dissolved in
the liquor, the lignin content and yield of treated wood decrease and more
soluble lignin is found in the treated wood. At the plateau in sulphonate content,
decreases of 1 to 2 per cent in lignin content were observed and the yields of
treated wood ranged from 96 per cent at 80°C to 93 per cent at 150°C.

For each temperature shown in Figure 4 the data points cover total SO,
concentrations from about 0.2 to 1 mol L' and wood sulphonate contents of
0.70 to 1.95 per cent. Thus, at a given temperature the lignin is dissolved in the
liquor at a constant rate which is independent of both sulphite liquor concen-
tration and the sulphonate content of wood. The rate constants given in Table 2
show that the rate of lignin solution increases by about 40 per cent for every
10°C rise.
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Figure 4. The amount of lignin dissolved is a linear function of
time for a range of total SO, concentrations and wood sul-
phonate contents. The rate at which lignin is dissolved increases
with increasing temperature.

TABLE 1
The Relationship Between Yield, Dissolved Lignin and Total Lignin During a
Typical Treatment of Black Spruce Chips with 1.0 mol I.™! Sulphite Solution
at 140°Cand pH 7.

Duration of Lignin Lignin content Sulphur
Treatments Yield Dissolved Klason Soluble Total Content
(min) (%) (%) (%) (%) (%) (%)
12 99 0.17 26.5 0.48 27.0 0.44
20 98 0.32 25.8 0.71 26.5 0.56
30 98 0.38 26.1 0.83 26.9 0.63
40 97 0.72 26.1 0.99 27.1 0.66
60 97 1.02 24.7 1.19 25.9 0.76

90 96 1.28 23.6 1.25 24.9 0.78
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TABLE 2
The Rate of Lignin Dissolution Increases by about 40 per
cent for Each 10°C Increase in Temperature,

Temperature of treatment Rate of lignin dissolution

(o) (per cent per min.)
150 1.63 x 1072
140 115 x 102
120 6.03 x 1073

ANALYSIS OF RESULTS

The results show that the rate of sulphonation of the wood chips is a func-
tion of the extent of sulphonation, the total SO, concentration and the tem-
perature.

For a given temperature we may postulate the dependence tc take the form

ds

< "k (Sp— 9)* [80,1° (1)
where Sp is the per cent sulphonate at the plateau in the sulphonation
reaction

S  is the per cent sulphonate at time t, and hence (Sp — S) is a
measure of the sites available for sulphonation
[SO; ] is the total SO, concentration
aand b are parameters describing the sensitivity of the reaction
rate to the extent of sulphonation and total SO, concen-
tration respectively.

As sulphite is present in a large excess [SO, ] remains constant and equation 1

becomes

L (Sp — 82 (2)
dt P

where k' =k [SO,1P 3)

It was found that the data approximated the curve described by the inte-
grated form of Equation 2 with a = 1. This equation is shown below
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§=8p — (S8p — So)e ¥ 4)

where Sg is an adjustable parameter which takes into account the sulphur in-
corporated during impregnation and warm-up. Sp is obtained by extrapolation of
experimental data, obtained at high total SO, concentrations, to infinite time.
Values of k' and Sp, obtained from plots of 1n (Sp — S) versus t, are given in
Table 3.

At temperatures of 120 to 150°C the value of Sp is 1.95 per cent and the
value of Sp is 0.60 + 0.10 per cent. High values of Sg occur at 120°C where the
fit of the initial sulphonate contents to the equation is poor. At temperatures of
72 and 80°C the value of Sp is lower at 1.45 per cent but So remains the same at
around 0.60 per cent.

Figure 5 shows plots of k' versus total SO, concentrations for treatments at
different temperatures. From these plots it is evident that k' and the total SO,
concentration are directly proportional and hence b = 1. Table 4 gives the values
of k obtained from the slope of the straight lines and from point values at 72°

and 80°C assuming that b also has a value of 1 at these temperatures. As shown

TABLE 3
The Pseudo First Order Rate Constants (k') for Sulphonation of
Waferized Black Spruce Chips at pH 7.

Total SO,

Temperature Sp  Concentration k' So
(°C) (%) (mol L) (x 107 min™!) (%)
150 1.95 0.96 6.24 0.50

0.72 4.45 0.63

0.46 3.09 0.53

0.22 1.52 0.55

140 1.95 0.95 4.08 0.60
0.70 2.74 0.60

0.47 2.01 0.63

0.22 1.03 0.64

0.08 0.37 0.48

120 1.95 0.95 1.31 0.75
0.71 9.76 x 107! 0.78

0.47 587x 10! 0.73

0.21 3.71x 10 0.63

80 1.45 0.95 2.00x 10! 0.60

72 1.45 0.93 9.23x10? 0.58
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Figure 5. The rate of sulphonation is directly proportional to
the total SO, concentration.

TABLE 4

The Second Order Rate Constants for Sulphonation
of Waferized Black Spruce Chips at pH 7.

Temperature k
o) (10°* L mol'! min™)
150 6.44 £ 0.11
140 4.19 £ 0.00
120 1.40 £ 0.04
80 0.211*
72 9.92x 102 *

* From measurements at one total SO,
concentration.

in Figures 1 and 2 there is a good fit of the experimental points to the curves
calculated using these second order rate constants.
The dependence of k on temperature, which is evident in Table 4 can be

expressed in terms of the Arrhenius Equation

Ink=1nA —E/RT (5)
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Figure 6. The sulphonation reaction gives a linear Arrhenius
plot over the temperature range 72° to 150°C.

where A isa constant, the frequency factor
E is the activation energy
R is the gas constant

T  is the absolute temperature

The plot of 1n k versus 1/ shown in Figure 6 is linear in accord with Equation
5 and gives an activation energy of 62.6 + 2.3 kJ mol™*.

DISCUSSION

The results show that at temperatures of 120° to 150°C it is possible to
obtain sulphonate contents of 1.95 per cent on treated wood with yields in excess
of 95 per cent. The resulting lignin losses are small, of the order of 2 per cent.
This rapid sulphonation prior to significant lignin loss is in accord with the results
of Hiigglunds, Lindgrena, Mikawa’ and Nokihara® on spruce sawdust and spruce
wood meal, thus indicating that well impregnated chips behave in a similar manner
to the wood meal and sawdust. Also as shown in Table 5 at temperatures of 95°,
120° and 137°C, the values of the second order rate constants calculated from the
present data are very close to those obtained by Nokihara8 for the rapid step in
the sulphonation of lignin in spruce wood meal.
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TABLE 5
A Comparison of the Rate Constants Obtained in this Study with those of
Nokihara®.

Temperature Rate Constant
Q) (10? L mol'! min™!)
A B
Data from this study Calculated from the ‘first’ order
on spruce chips rate constants of Nokihara

95 4.17 4.30
120 16.2 175
137 34.4 43.7

The dependence of the rate of sulphonation of spruce chips on the product of
the concentration of sites available for sulphonation and the total SO, concentra-
tion indicates that a single mechanism operates between sulphonate contents of 0.50
to 1.95 per cent and total SO, concentrations of 0.1 to 1.0 mol L™ . This is cor-
roberated by the linear Arrhenius plot. The kinetic data indicate that sulphonation
of lignin with sodium sulphite at pH 7 is governed by a nucleophilic attack of sul-
phite on lignin in which the transition state for the rate determining step involves
bond formation between the sulphite anion and one lignin site.

Model compound studies® 12 have shown that neutral sulphite reacts with
lignin propane side chains activated by para phenolic groups or carbonyl groups.
Figure 3 shows that methylation of phenolic groups in lignin strongly inhibits
neutral sulphonation consistent with activation of neutral sulphonation by para

13 indicate that about 50 per cent of car-

phenolic groups. Spectroscopic studies
bonyls in lignin are alpha to phenyl para alkoxy groups. Neutral sulphonation
activated by such carbonyl groups would be inhibited by reduction to unreactive
hydroxy groups. However, sodium borohydride reduction of lignin has little effect

on sulphonation at pH sl4

. Therefore, neutral sulphonation of lignin is activated
primarily by phenolic groups para to the propane side chain.

The phenolic hydroxyl content of spruce wood has been reported as 0.10
per lignin Cy unit 11 However, it increases to 0.16 per C; unit on neutral sulphite
treatment to 93 per cent yield 17, During kinetically observed sulphonations at
80° and 140°C, 0.09 and 0.12 sulphonate groups per C, unit were introduced
respectively. Thus, there are sufficient phenolic C, units to account for the observed
sulphonation, provided most of them bear leaving groups in the alpha position. The
simplicity of the kinetics suggests that these leaving groups are the same or that any

differences in them have little influence on the rate of sulphonation.
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Vanillyl alcohol, a model for lignin phenolic Cy units with the alpha position
occupied by a hydroxy! group, reacts rapidly with neutral sulphitels'lg. In a re-
viewS it has been implied that this reaction is first order at pH 7, however the ex-
perimental evidence 19,20 ghows that sulphonation of vanillyl alcohol at pH 7 is
second order, being first order in both vanillyl alcohol and sulphite. The reaction is
thought to proceed through a quinonemethide intermediate®. Sulphonation of
lignin in wood could proceed by a similar mechanism as shown in Scheme 1.
Applying the steady state assumption to this mechanism gives the rate equation

ki k,

Rate of sulphonation = Sp —8) [SO
of sulphonation % [ROH] + £, (50, (8p —8) [80,]

If k., (ROH] > k, [SO,] and the addition of water predominates in the pre-
equilibrium, this mechanism fits the present observations. Sulphonation would be
first order in total SO, concentration and independent of the alpha leaving group.

CH,0H CH,OH
CHOAr tl:HOAr
CHOR CH
ky
p——— + ROH
L X
CH,0 CH3O
OH (o]
CH_OH CH,OH
(':HOAr CHOAr
CH CHSOQ;
Kk,
+ "sog ————t
CH;0 CH,0
o OH

R = H, Alkyl or Aryl

Sciieme 1
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The lack of dependence of lignin dissolution on total SO, concentration could
be a result of a diffusion controlled rate, a hydrolytic cleavage totally independent
on the sulphonation 21 or lignin release through breakage of alpha aryl ether bonds
during formation of the quinonemethide.

The reaction of vanillyl alcohol with neutral sulphite has a rate constant for
sulphonation at 90°C of 0.15 min™! 18. Assuming a total SO, concentration of 1
mol !, this corresponds to a second order rate constant of 0.15 L mol'! min™.In
the present study the second order rate constant at 90°C is 3.25 x 10" L mol
min"!, 46 times lower than that estimated for vanillyl alcohol. However sulpho-
nation of vanillyl alcohol has an activation energy of 66.5 kJ moI'! which is close to
the 62.6 + 2.3 kJ mol'' found for spruce chips. The similarity in activation energies,
but differing rate constants does not preclude a common reaction mechanism
because the pre-exponential term, A in the Arrhenius equation is very sensitive to
factors such as molecular size, complexity and solvation.

CONCLUSION

The first stage in the sulphonation of spruce wood chips at pH 7 has been
shown to be first order in concentration of sulphonatable sites and total SO, con-
centration. The sulphonation reaction has an activation energy of 62.6 + 2.3 kJ
mol'! which corresponds to a 66 per cent rate increase every 10°C rise between the
temperatures of 120°C and 150°C that are commonly used for sulphite treatments.
As the temperature was increased from 80° to 120°C the number of sites available
for sulphonation increased. Lignin was dissolved from the wood chips more rapidly
as temperature was increased. However, the rate of lignin dissolution was indepen-
dent of total SO, concentration and the sulphonate content of the wood.

The results indicate that, at pH 7, high sulphonate contents can be obtained at
lower temperatures with small lignin losses provided liquors with high sulphite
concentrations are used. Higher temperatures also promote high suiphonate levels
but at the expense of lower lignin contents and yields. The equations describing the
dependence of the sulphonation reaction on temperature, allow the prediction of
the sulphonate contents, and hence to some extent the properties of pulps obtained
from sulphite treatment of chips, over a wide range of conditions.

The nature of the reaction between lignin and sulphite is thought to involve
formation of a quinone methide followed by rate determining bisulphite addition to
this intermediate.
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