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ABSTRACT

The neutral sulphite-anthraquinone delignification of Pinus radiata D. Don
samplesisreadily followed by determining the variation in absorbance at 280 nm of
(diluted) pulping liquor with cooking time. The 280 nm wavelength, despiteitslow
absorption maximum, is preferable to that of the 205 nm wavelength used in a
previous study since it is less prone to interference by changes in pH, or liquor
oxidation. Excellent correlations between liquor absorbance at 280 nm and the
amount of lignin dissolved in liquor were obtained for a number of cooks (and for
three digester systems). The results showed that the extent of lignin removal and
sodium sulphite concentration (or amount consumed) were linearly correlated, and
indicated that absorbance at 280 nm, when combined with other procedures, could
be used to examine the kinetics of neutral sul phite-anthragquinone pul ping.

Keywords: neutral sul phite-anthraguinonepul ping; sodiumsulphite; lignin; ultraviol et
absorbance; Pinus radiata.

INTRODUCTION

Two procedures for the determination of lignin in P. radiata neutral sulphite-
anthraquinone (NS-AQ) pulping liquors by ultraviolet absorbance are compared in this
paper. The use of anthraquinone (AQ) as a catalyst in alkaline pulping and in neutral
sulphite pulping is well established. The processes, practice, and mechanisms have been
extensively reviewed (Goyal 1997). In previous studies on the neutral NS-AQ pul ping of
P. radiata corewood and slabwood samples at the New Zealand Forest Research I nstitute
(Uprichard & Okayama 1984) ultraviolet absorbance measurements on process liquors at
absorption maximum of approximately 205 nm were used to follow the course of
delignificationinsomecooks. These studiesshowed that during pul ping theextent of lignin
removal and sodium sul phite consumption were linearly correlated, and indicated that the
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absorbance technique might be used to examine processkinetics. More detailed studieson
the ultraviol et absorbance of NS-AQ liquorsresulted in theimproved analytical procedure
using the absorption maximum of 280 nm described in this paper. Some kinetic studieson
P. radiata wood chips are described in a later note (Uprichard et al. 2004). Eagle &
McDonough (1988) who studied the NS-AQ delignification of loblolly pine (Pinus
taeda L .) used thin wood shavingsin their investigations: they made detailed studiesof the
kinetics and devel oped a mathematical model of the process.

The ultraviolet spectra of lignin and its derivatives have been examined by many
authors. An excellent review of earlier studieson lignin ultraviol et spectra has been given
by Goldschmid (1971). Hisreview showed that some of the difficultiesencountered in the
determination of lignin by ultraviolet absorbance measurement in process liquors were
caused by interferenceand/or interacti on between substratessuch ascarbohydrates, present
in the lignin-containing samples being examined: variation in pH aso influenced the
position and intensity of absorbance peaks. The present paper compares the results of
NS-AQ lignin absorbance measurements on pul ping liquors at wavel engths of 205 nmand
280 nm respectively, and shows how absorbance methods can be used to follow the
progress of delignification. Initial absorbance studies involved the attempted removal of
sulphur dioxide by acidification of cooking liquor samples, or by direct oxidation of
sulphite ion, prior to lignin determination by ultraviolet absorbance at approximately
205 nm.

MATERIAL AND METHODS
Wood Chips

Air-dry P. radiata slabwood chipswereusedin aninitia study of ultraviol et absorption
of NS-AQ liquor; however, air-dry P. radiata corewood chips were generally used for
pulping. The corewood chips had basic density of 370 kg/m3, 1.7% dichloromethane
extractivesbased on oven-dry (0.d.) extractive-freewood, and 26.9% Klasonlignin content
based on oven-dry wood, and came from the same batch as that used by Uprichard &
Okayama (1984). The screened wood chips used for pul ping had passed through a screen
with 32-mm circular apertures, and then through an 8-mm slotted screen, and were those
retained on ascreen with 19-mm apertures. Thewood chipswere soaked in water overnight
prior to pulping.

Neutral Sulphite-AQ Pulping
The pul pswere prepared fromwood chipsusing one of thefollowing digester systems:

(i) A 20-litrecirculatory stainlesssteel Haato digester equipped with four stainlessmesh
baskets, which had acharge of 1600 g 0.d. wood chipsequally distributed between the
baskets,

(il) A stainlesssteel Weverk 10-litrerotating autoclavewhich used acharge of 1000go.d.
wood chips; or

(iif) A Stalsvet multi-unit polyethylene glycol heated digester equipped with six 2-litre
stainless steel vessels, each of which contained a charge of 250 g 0.d. wood chips.

Pulpswere generally prepared using between 20% and 35% neutral sulphite based on
oven-dry wood, with the sameratio of sodium sulphite : sodium carbonateof 4.86: 1inall
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cooks. Pulpswere prepared using 0.1% AQ at aliquor towood ratio of 4:1 or 5:1, using the
following schedule: 180 minutes to maximum temperature (generally 175°C) and up to
210 minutes at maximum cooking temperature. Pulps of yield 77-53% o0.d. wood were
prepared by varying time at temperature from 0 to 210 minutes. Pul ps of between 57% and
75%yieldweregenerally defibred usinga200-mm Bauer discrefiner at 0.25mm, and those
of lower yield by high-speed stirring. Yieldswere determined in the usual way (Uprichard
& Okayama 1984). Kappa numbers were determined on screened pulps by a half-scale
modification of Appita Standard P201m-77.

Cooking Liquor Sampling and Sulphite Measurements

Theprogressof delignification and sul phite consumption during pul ping wasfollowed
by taking small samples of liquor for analysis (30 ml from the Haato circulatory digester,
or about 15 ml from the Weverk rotary digester), generally at 30-minuteintervalsfromthe
time at maximum temperature, until the end of the cook. Large samples of final cooking
liquor from the Weverk digester (about 3 litres) were also collected from some cooks for
studies on liquor stability and lignin analysis procedures. The changes in sodium sul phite
concentrationin cooking liquor withtime at maximumtemperature were determined by the
Palmroseiodate method (CPPA Standard J1), generally by using a 2-ml sample of liquor.
Pulps and liquor sampling were done at the end of cooks made using the Stalsvet 2-litre
vessels for similar time periods to those described above.

Ultraviolet Absorption Measurements

Lignin was determined by diluting liquor samples (10 ul or 15 pul) to 100 ml and
measuring the absorbance of the dilute solutions at the 205 nm rangeinal10-mm cell using
aPerkin-Elmer spectrophotometer. In comparativestudiesontheeffectsof liquor treatment
on ultraviolet absorption, it proved useful to dilute samples over arange of dilution ratios
(adilution by volume of 1in5istermed adilutionratio of 0.2), and compare the effects of
treatment at these levels. In some cooks, lignin content was also determined from the
absorption at 280 nm, by diluting samples of 100 pl to 100 ml, and determining absorption
as described above.

The effects of liquor treatments (designed to remove sulphite ion before spectral
analysis) on ultraviolet absorption of lignin solutions were also assessed. The purpose of
these various studies, which are summarised below, was to improve the lignin analysis
procedure. The spectra of sodium sulphite solutions, and some cooking liquor samples
which contained added sodium sulphite, were also examined. Attempts to reduce sodium
sulphite concentration in pul ping liquor samples (or solutions of sodium sul phite) included
(a) acidification of liquor and removal of sulphur dioxide by heating the solution of
sulphurous acid (and attempted removal of sulphur dioxide by bubbling nitrogen gas
through the solution), and (b) oxidation of sulphite ion to sulphate.

(a) Acidification of liquor

(i) A sampleof thepulpingliquor (50 ml) wastitratedwith 1M hydrochloricacidtopH 3,
and much of the liberated sulphur dioxide (its presence was tested by starch-iodide
paper) wasremoved by heating for 10to 15 minutes. Heating of the acidified solution
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for about 20 minutesgaveriseto abrown precipitate (presumably lignin): ontreatment
of the cool ed acidified mixturewith 1 M sodium hydroxide, the brown solid dissol ved.
Someminor modificationstothisprocedure, andtheir effectson ultraviol et absorption
Spectra, are described later.

(if) Treatment of the acidified pulp liquor with oxygen-free nitrogen gas at aflow rate of
700 ml/min (for 15 or 45 minutes) had little effect on the absorbance of the diluted
solutions.

(b) Sulphite ion oxidation

Sodium sulphite solution (10 ml of a56.7 g/litre solution) was adjusted to pH 3 with
dilute hydrochloric acid, and about 5 ml of potassium iodide solution were added. The
solution was titrated with 0.5 M iodine until colourless (starch) and made up to 100 ml
(Solution A). Samplesof thissolution at dilutionratios 0.5, 0.75, and 1.0 respectively after
further dilutionfor absorbancemeasurement (10 ul /100 ml) had absorbancevaluesof 0.21,
0.28, and 0.39 respectively at about 205 nm, showing that the sulphateion absorbed in the
sameregion asthat of the sulphiteion. The sulphiteion had an absorbance peak at 195 nm.

RESULTS AND DISCUSSION
Ultraviolet Absorption Studies on Neutral Sulphite-AQ Lignin

The pulping liquor used for initial studies was final liquor from a NS-AQ cook of
slabwood chips made using the Haato digester (28% sodium sulphite, 4 :1 liquor to wood
ratio, 210 minutes at 175°C). The pulp had Kappa number 54 and was obtained in 54.2%
yield. The changesin sodium sul phite concentration of the liquor and lignin content of the
pulp (based on oven-dry wood) with time at maximum temperature (Table 1) showed
similar trends to those found earlier (Uprichard & Okayama 1984). The liquor from this
cook was used for studies on liquor stability, and was a so used to assess the suitability of
the absorbance maximum at about 205 nm as a measure of dissolved lignin.

The absorbance of liquor at various levels of dilution was measured immediately, and
after storageat 4°C overnight (Table2). Theliquor at dilutionratio of 0.2to 1.0 wasfurther
diluted by dissolving 15 pl in 100 ml of distilled water for absorbance measurement.
Dilution ratio and absorbance at 205 nm, as expected, were highly correlated and some
differences were obtained between the absorbance of fresh and stored samples. However,
these differenceswere not consistent with respect to high and low dilution ratios, although
the overall trends were similar for both fresh and stored samples.

TABLE 1-Variation in sodium sulphite liquor concentration with cooking time at maximum
temperature (Haato digester). Pulp yield 54%.

Time (minutes at max. temperature 175°C)
0 30 60 Q0 120 150 210

Lignin
(% o.d. wood at 202 nm) 154 104 8.2 7.1 6.6 59 45

Sodium sulphite concentration
(gllitre) 408 288 223 170 124 113 87
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TABLE 2—-Variationin ultraviolet absorbance of NS-AQ liquor (210 minutesat 175°C) with dilution
ratio and overnight storage time.

Haato digester, Initial dilution Absorbance max. Mean absorbance’
final liquor sample ratio* (~205 nm) range (~205 nm)
(fresh liquor only) 0 - 0

1 0.2 0.29-0.31 0.30(0.35)
2 0.4 0.63-0.66 0.64 (0.65)
3 0.6 0.99-1.00 1.00 (0.98)
4 0.8 1.38-1.41 1.40 (1.28)
5 1.0 1.74-1.79 1.76 (1.66)

* The sampleswerefurther diluted from 15 pl to 100 ml, and have been corrected for ablank value.
T The first set of mean absorbance values were obtained on fresh liquor samples, and those in
parentheses on liquor samples stored in the refrigerator overnight.

It seemed likely that some of the observed variability within and between sets of
analysesmight berelated to aerial oxidation of sodium sulphite. The prospectsof removing
sulphite ion either by acidification and loss of sulphur dioxide by heating and/or nitrogen
gas displacement, or by direct oxidation of sulphite ion, were therefore examined. The
absorbance of untreated liquor samples at various dilution ratios (after final dilution of
15 pl to 100 ml) arecomparedin Table 3 with sampleswhich had been acidified and heated,
or acidified and gasified with nitrogen at reasonably high flow rate. The treated samples
have somewhat lower absorbance than those of the untreated liquor samples, but all sets
showed similar trends. Since it proved difficult to devise a simple and reproducible
procedure for removal of all the sulphur dioxide present, the acidification route was not
explored further.

Sodium sulphite has awell-defined absorption maximum at 195 nm but, unlikelignin,
has no absorption at 280 nm. The high level of variability in the absorbance of the sulphite
solutions at 195 nm (Table 4) was somewhat surprising, and may be related to their well-

TABLE 3-Comparison of absorbances of pulp liquor and acidified pulp liquor samples (at 15 pl to
100 ml dilution).

Dilutionratio Liquor Liquor acidified and:
(8) heated (b) nitrogen-gas treated
0.2 0.35 0.31 0.33
0.4 0.65 0.60 0.60
0.6 0.98 0.93 0.96
0.8 1.28 123 1.29
1.0 1.66 161 1.65

TABLE 4-Absorbance values of sodium sulphite solutions at 195 nm.

Sodium sulphite Absorbance at 195 nm
(approximate % w/v)
1.25x 108 0.36. 0.33. 0.39, 0.39, 0.44, 0.36
25x10°% 0.62, 0.74, 0.61, 0.78, 0.71

50x10-3 1.05, 0.95, 1.20, 1.05, 1.02
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known ease of oxidation (or ultraviolet detector sensitivity). The addition of 5% sulphite
ion solutionsto pulp liquor samples had little effect on ultraviol et absorbance, the effects
being generally similar to that of aqueous dilution. Theseinitia results suggested that for
NS-AQ lignin analyses, the well-known absorption peak at 280 nm, despite its low
intensity, had more potential.

Cooking data, and absorbance measurements at 202 nm and 280 nm respectively, for
the slabwood NS-AQ pulp of 54.2% yield and Kappa number 54 prepared in the Haato
digester, are given in Table 5. The estimates of lignin content in the final pulp based on
oven-dry wood (the product of pulp lignin content times yield fraction) (Table 1) were
based on the equation obtained in earlier studies by Uprichard & Okayama (1984), where
K is Kappa number, and Klason lignin content of pulp:

LigniNgaen = 0.1767 K — 3.6687

The estimates of lignin content were obtained graphically from linear plots based on
lignin absorbanceval uesof zero at wood lignin content of 27.2% andtheir respectivevalues
(at 205 nm and 280 nm) at lignin content of 3.2%. The results show that determination of
lignin content by absorbance at 280 nm tends to give somewhat higher estimates of lignin
content than that determined from the absorbance at lower wavelength, aswas confirmed
in later studies.

TABLE 5-Lignin content in pulp as a percentage of oven-dry wood.

Cook time Sodium sulphite Lignin absorbance* Lignin (% o.d. wood)
at 175°C concentration
(min.) (g/litre) at 202 nm at 280 nm at 202 nm at 280 nm

0 40.8 0.90 0.09 154 17.4
30 28.8 1.26 0.13 104 12.7
60 22.3 141 0.15 8.2 10.3
90 17.0 1.49 0.17 7.1 8.0
120 124 153 0.17 6.6 8.0
150 113 1.58 0.18 5.9 6.8
180 7.8 1.62 0.19 53 5.6
210 87 1.68 0.20 45 45

* Lignin absorbancesat dilution of 15 pl / 100 ml, and cal cul ated lignin contents based on oven-dry
wood. The pulp made in the Haato digester had yield 54.2% and a Kappa number of 54.

Lignin Dissolution Rate: Comparison of Procedures

The general effectiveness of absorbance (at 280 nm) of cooking liquor for determining
theextent of delignificationwasassessed by comparing theresultsof aseriesof cooksmade
on P. radiata corewood using the Stal svet multi-unit digester with those obtained using the
same set of conditions in the Weverk rotary digester. Pulps were made using the same
chemical charge (35% sodium sulphite : 7.2% sodium carbonate and 0.1% AQ based on
oven-dry wood), liquor towoodratio (5:1), and timeto maximumtemperature (180 minutes
to 175°C). In the Stalsvet series, pulp yield, pulp Kappa number, and cooking liquor
absorbanceweredeterminedfor pul psobtai ned after delignificationat maximumtemperature
for 0, 30, 60, 90, and 180 minutes, respectively (Table 6). The results obtained were
compared with liquor samples taken at the same time periods from the Weverk rotary
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digester, in whichyield was determined at the end of the cook (180 minutesat 175°C), and
theextent of delignification wasdetermined by absorbanceof theliquor samplesat 280 nm.

The pulping data (Table 6) show that delignification rates in the Stalsvet and Weverk
digestersweregenerally similar. These cookswhich used two different digester typeswere
of apreliminary nature, but showed substantial agreement. On thisbasisit was concluded
that ultraviol et absorption measurementsat 280 nm of diluted cooking liquors(at 1in 1000
dilution) gave a useful indication of the extent of delignification.

Relationships Between Pulping Variables

The various pul ping variables — sodium sul phite concentration, liquor to wood ratio,
maximum temperature, and cooking time at maximum temperature — were explored in a
seriesof cooksmade using the Stal svet 2-litredigesters. Pulpyield and Kappanumber were
determined in the usua way, and the extent of delignification was also followed by the
determination of ultraviolet absorbance measurements at 280 nm. The results of these
experiments are summarised in Table 7.

Kappa number and pulp yield

There was an excellent linear correlation between pulp Kappa number and pulp yield
(Fig. 1) ashasbeenfound previously (Uprichard & Okayama1984). Therespective Kappa
number (K) versus pulp yield correlation (Y), and the corresponding yield and Kappa
number correlation (Fig. 2) are listed below:

(i) K =3.6566Y —150. 22 R2= 0.9647
(i) Y = 0.2638 K + 41.876 R2= 0.9647

Theresultsaresimilar inform, but show someminor differencesfromthoseobtainedinthe
earlier investigation using undried wood chips (Uprichard & Okayama1984), aswould be
expected. Thecorrelationsareshownfor two reasons; firstly becausethey indicatethegood
agreement between rel ated variables (ameasure of the dataquality), and secondly because
they were used to some extent in some kinetic studies of the NS-AQ process as applied to
P. radiata.

Sodium sul phite concentration and lignin dissolution

For anindividual seriesof cooks— for example, 4607 — there was an excellent linear
correlation between sodium sul phite concentration and the percentage of lignin in wood,
and degree of delignification over the major delignification period (Fig. 3). Thishad been
observed earlier (as sodium sulphite consumption) by Uprichard & Okayama (1984).
Relationships of thistype between sodium sul phite concentration and lignin concentration
in wood with cooking time and temperature proved useful in the kinetic studies of Eagle
& McDonough (1988).

Lignin absorbance as a measure of dissolved lignin

Therewasan excellent linear correl ation betweenthelevel of dissolvedlignininneutral
sulphite-AQ pulp liquor and its ultraviolet absorbance (after appropriate dilution), asis
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FIG. 1-Relationship between Kappa number and pulp yield.
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FIG. 2—Relationship between pulp yield percentage and Kappa number

shown for the 4:1 liquor-to-wood cooks of 4605, 4607, 4608, and 4614 in Fig. 4. It can be
seenin Fig. 4 (for example) that at absorbance 0.5, 12.4% of thelignin present in the wood
has been dissolved. In Fig. 5 the corresponding lignin percentage in oven-dry wood ver sus
ultraviolet absorbance indicates the change in the lignin present in the wood chips with
increased delignification; the data shown in the previous Figure are also presented in a
format more appropriate for modelling purposes. These results suggested that ultraviolet
absorbanceat 280 nm could be used tofollow the course of delignificationin someNS-AQ
pulps prepared using the Weverk digester, the early stages of the cook being of most
interest.
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Effects of Initial Chip Moisture Content on Delignification
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113

All of the pulpsexamined in thisinvestigation had been prepared from chipswhich had
been air-dried and then soaked in water overnight prior to cooking, a procedure which had
been used earlier on air-dry chips from the same source (Kibblewhite & Okayama 1986;
Kibblewhite 1988). The liquor absorbance data for cooks made using the Weverk rotary
digester, the liquor of which could be sampled at interval swithout stopping the cook, are
giveninTable8. Itisapparent from the absorbance datathat little delignification occurred
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FIG. 5-Relationship between lignin percentage of oven-dry wood and liquor absorbance at
280 nm.

duringthefirst 120 minutesof thecook. Thesul phiteanal ysesduring thisperiod of thecook
are also higher than would be expected if there was adequate diffusion between the liquor
in wood chips and free liquor.

Theresults show that there was poor mixing of the water associated with the chipsand
the added liquor, although there was considerabl e uptake of water within the wood chips
duringthepre-soaking stage. They al so show that therewaspoor diffusion of sul phiteliquor
within the wood chipsin the early stages of the cook.

Kibblewhite (Kibblewhite & Okayama1986; Kibblewhite 1988) had previously found
that there were some small differences between the levels of delignification obtained on
air-dried wood chips treated with water and then sulphite solution before cooking (as
described above) when compared with those obtained in the earlier studies by Uprichard
& Okayama (1984) who had used undried moist wood chips.

Theresults of thisinvestigation show that the wood chip wetting procedureis clearly
undesirablewhen appliedtoNS-AQ cookswiththeir relatively low pH, althoughit hasbeen
used with success on alkaline cooking liquours (J.A.Lloyd pers. comm.).

DISCUSSION

This investigation showed that the course of neutral sulphite-anthraguinone
delignification may be followed by taking small samples of the pulping liquor and
determining their absorbance at 280 nm (after appropriate dilution). This wavelength
despiteitslow absorption maximum was preferable to the 205 nm used in aprevious study
becauseit isless proneto error caused by possibleinterference by sulphite and other ions.
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Removal of sulphiteby acidification or oxidation did not improvethereproducibility of the
205 nm measurements.

It wasshown by using theabsorbance procedurethat thetreatment of air-dry wood chips
with water prior to NS-AQ cooking is undesirable, since there was little measurable
delignification until the cooking temperature was between 120° and 175°C.

Excellent linear correlations between liquor absorbance at 280 nm and the amount of
lignin dissolved in pulping liquor were obtained for cooks in three digesters. The linear
correl ationsbetween theamount of lignin remaininginthewood chipsand sodium sul phite
concentration showed that there were prospects for the development of a mathematical
model of the process as shown earlier by Eagle & McDonough (1988).
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