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JOURNAL OF WOOD CHEMISTRY AND TECHNOLOGY, 7(3), 373-403 (1987) 

T.A. Clark and K.L. Mckle 
Forest Research Institute 

Private Bag 
Rotorua. New Zealand 

ABSTRACT 

An experimental optiialsation procedure has been used to 
investigate steam explosion of Pinus radiata.  Enzymatic 
digestibility of this softwood is enhanced by s t e m  oxplosion 
and addition of sulphur dioxide greatly Improves effectiveness 
of the process. The effects of the variables time, temperature, 
and sulphur dioxide level have been described by empirical 
models. The response parameters modelled are: dry-matter 
yield: water-iruolublo fibro yield: uater- soluble sugar 
yield; enzymatic-hydrolysis sugar yield: and total sugar 
yield. Near optimal total sugar yields were obtalned with the 
conditions: 3 rlnutes; 215.C; and 2.55% sulphur dioxide. 
Under these conditions the stoiu-exploded fibre was 8 a  
digestible (cellulose to glucose) by the cellulase enzymes used. 
and a total sugar yield oE 57 g/100 g 0 .d .  uood uas obtalned. 
This  study has shown that soEtuoods, of which Pinus radiata is 
typical, CM be lade as aenable to hydrolysis by cellulase 
enzymes as hardwoods. mi& have previously been 
considered the only viable substrates for such processes. 

DpEBowcpION 

Steam explosion is recognised as one of the most cost 
effective pretreatments for hardwoods and agricultural residues 
prior to enzymatic sa~charification~-~. As a pretreatmnt for 
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374 CURY AND HACKIE 

softwoods. however, steam explosion has been considerad 
ineffective, although for reasons which have not been made 

4,5  clear . 

The Softn#d, Pinru radiaca i s  the predoRiMnt CUmerCial 
forest species in Mew Zealand and large quantities of forest and 
mill residues (sawdust, shavlngs and chips) will bccane available 
over the next 10 to 20 years for use in fuel or chemical 
production processes . Research into improving the 
effectiveness of steam explosion on this softwood species uas 
Initiated to assist utilisation of such residues. 

6 

The treatment of both softwoods and hardwoods with high 
levels of gaseous sulphur dioxide at 120.C was shom by PIillet 
et 61.’ to significantly improve enzymic digestibility of 
the yoody substrates. Subsequently, research at General 
Blectri~”~, Fmrolvlng addition of low levels of sulphur 
dioxide during true stean explosion. c m f W  the beneficial 
effects of sulphur dioxide addition. However, whereas Hillet 
et al. attributed these effects to delignification, the latter 
group showed that the improved enzymatic digestion of poplar 
wood resulted frcm a more complete removal of hanicelluloses. 
The addition of sulphuric acid or sulphur dioxide during steam 
explosion of the hardmod pow lus treeuloides (aspen) has 
also been shown to be beneEicia1 in terms of haicollulose 
rawwal and improved enzymatic digestibility. 

9 

Recent work involving prehydrolysis of woody substrates with 
and without the addition of acid catalysts has shown that 
improved carbohydrate survival and better hemicellulose removal 

are obtained when the treatment pH is la#, around pH 2-3. 
Without catalyst addition. the pH attained during autohydrolysis 
is around pH 3-4. and, at this pH, degradation of carbohydrate 
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Spwn EXPLOSION OF - PINUS RADIATA. 1. 375 

by hydroxyl ion is significant10. 
such as sulphuric acid. may be used9, or sulphur dioxide 
may be added to achieve the -raved prehydrolysis. 
daorutrated that softmods -re equally amenable to 

prehydrolysis as hardwoods when using sulphur dioxide 

catalysis. Recently O r d u a n n  et all2 have sham that the 
improvements in cellulose enzymic digestibility. obtained 
foll&g dilute acid prohydrolysis of both aspen uood and wheat 
straw, Yare related to the extent of xylan rerwal during 
prehydrolysis. 

nineral acid catalysts, 
11 

11 
Wayman 

me most detailed w r k  on sulphur dioxide addition to soft- 
13 

mods during Stem pretreatment I s  that of m r s  and m n z  
Using the Siropulper procedure (which is a camblnatlon 
of prehydrolysis and explosive depressurisation) they showed 
that addition of sulphur dioxide significantly enhanced enzymic 
digestibtlity of the pretreated softwood P. rsdtata. At 
sulphur dioxide levels of 4.7 to 18.7% of 0.d. uood, 
wtar-scmked chips gave pulpa with enzymic digestibllities 
(percentage weight 1- of solids) ranging Ercm 34 to 53%. 
Under the - conditions of treatmnt, but with no sulphur 
dioxide addition. the pulp digestibility uas only 2.5%. The 

suitability of sulphurdioxide pretreated Siropulper substrates 
(both softwDoa and harduood) for enzymic hydrolysis and the 
production of cellulolytic enzymes has been reported recently by 
mklterl4. 
60% under the test conditions used, whereas without sulphur 
dioxide addition only 27% conversion was obtalned. 

. 

HS found cellulose to glucose conversion yields of 

The benefits of adding sulphur dioxide to softwoods prior to 
prehydrolysls or stem explosion have thus bean clearly 
demonstrated. In such pretreatmnts there are three rain process 
variables: temperature; time; and sulphur dioxide level. 
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3 76 MRK AND HACKIE 

Hauaver effects of these variables on the properties of the 
derived products have not been investigated in sufficient detail 
to allow selection of optimal processing conditions. 
coaacrcial process is to be considered, the signiLicance of each 
variable wfll be important. In particular. for reasons of Cost.  

the lowest practical level of sulphur dioxide must be sought. 
This paper e x a h a s  effects of the above three variables on 
chemical cooposition and enzymatic digestibility of 
stem exploded P. r&iiata and r-nds processing conditions. 

If a 

yood SUDD~Y 

Pinus radiaca logs f r a  a stand oP 18-year-old trees were 

chipped In a wholetree chippar following debarking. 
of Chips (approxiPatsly 400 kg mt might) was collected over 
period of 8 h and m i x e d  thoroughly. 
screened using a Yilliars rotary screen classifier. m s e  chips 
passing through a 22-m screen but retained on a 16-m screen 
were cabinsd and the bulked chips again thoroughly m i x e d .  

moisture content of the chips yks then determined (42.96% dry 
content) before bagging and sealing in 300 0.d. grar equivalent 
lots. 
subsequently thawed as required. 
in Table 1. 

A sumple 

The chips were then 

The 

These bags were then imediately frozen at -2O'C and 
The wood caposition is shom 

The Brw rimental Proc d u r e  

The experimental procedure used In this study is shown 
schematically In Figure 1. FollawLng Impregnation with gaseous 
SO the yood (300 g O.D.  lots) was steam exploded under 
variow conditions of time and temperature. The steam-exploded 
products (SEUY) =re then water washed to remove water-soluble 
components (US). and the resultant insoluble fibre (YI) was 

enzymatically hydrolysed to determine its enzymatic 

2 '  
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STEAH EXPLOSION OF PINUS RADIATA. I. - 377 

TABLE 1. 
Colaposition of P f n u  radfata (all Figures % 0.d. Original voad) 

Ash 
Extractives 
Klason lignin 
Acid soluble lignin 
Carbohydrate 

G l X m  
nannan 
Calactan 
xy1an 
Arab- 

Total anhydro polymer 
Unaccounted (4-0rle~lucuronic 
anhydride, 0-acetyl, analytical error) 

43.31 
10.71 
2.89 
S.27 
1.63 

0.31 
2.21 
26.16 
ni 1 

(+H20 1 

(11.90) 
( 3.21) 
( 5.99) 
( 1.85) 

(4a.12) 

63 -81 
7.51 

100.00 

digestibility. Twenty individual steam-explosion experiments 

were performed, with operating conditions selected according to 
a statistical design (see Experimental 

SUlRhU Dioxide IaRreqnation 

Bagged chip lots (300 g 0.d.) were 

2 bag plus chips weighed. Anhydrous SO 

Design). 

thawed overnight and the 

gas w a s  then added to 

the bag via a plastic tube, for a period varying from 20 s to 
30 nin, depending on the level of impregnation required. The 

bag was opened briefly to allow gaseous 
then tightly sealed to mininise the gas 

increase in weight of the bag and chips 

So2 on oven-dry chips. The impregnated 
steam exploded within 10 to 20 min from 
was caplete. 

So, to disperse and 
I 

space in the 

was recorded 

chip samples 
the time So2 

bag. The 
as percent 

were then 
addition 
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3 78 CLARK AND HACKIE 

PINUS RADIATA (300 G O.D.) 
.1 

STEAM EXPLODKD WOOD, SHOT 
(S.E.W.) 

I 

WATER-INSOLUBLE 
FIBRE (WL) -+ W.I. YIELD 

\1 
[ENZYMATIC HYDROLYSIS I 

.1 

W.S. SUGAR 
YIELD 

ENZYMATIC HYDROLYSIS 
SUGAR YIELD 

Figure  1. The erperircntal procedure. 
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STWn EXPLOSION OF PINUS RADIATA. I. 379 

Steam Kx~loaion Gun owration 

The design and operation of the steam-explosion equipment 
described below is based upon that at Forintek Canada 

Corporation, Ottawa, Canada, and has been published elsewhere . 9.15 

A 3-litre. 316 stahless steel gun fitted with a 75- wide 
bore ball valve at each end was w e d  throughout this study. 
Saturated stem was supplied to the gun via two 12.5-a side 
ports (me near the top and one near the bottar) at pressures 
varying from 1.3 to 3.2 ma. steam pressure and steam 
temperature were recorded in the stem main irediately adjacent 
to the gun. The lower 75-m ball valve was activated by an air 
actuator (opening t h e  apptoxhately 1 s) but the upper ball 
valve was manually opened or shut. 
approxiaately SO litres and designed to allow quantitative 
recovery oE solid and liquid products from the gun. 

which was water-jacketed at approximately 15.C. was open to the 
atmosphere and hence volatile caponants were not retained. 

The receiving cyclone uas 

The cyclone. 

During operation. the gun assembly (which was heavily 

insulated) was preheated by repeatedly allowing steam into the 
gun and then discharging the condensate. The top ball valve was 

then opened and the SO -impregnated chips emptied directly 
into the gun. After closing the upper ball valve, stem was 

admitted to the gun - zero tire was taken f r a  this point 
(pressure and temperature in the steam main. remained 
effectively constant). A t  the end of the desired treaternt t h e  
the botta air-actuated ball valve was opened and slmltanaously 
the steam entry llnes were closed. The contents of the gun were 
discharged by the force of expanding stear and were recovered In 

the receiving cyclone. The heat up tires for chips of different 
geolratries and moisture Contents. in steam-explosion equipment 
of the same design. have been described in detail elsewhere . 

2 
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380 CLARK AND HACKIE 

For chips of the size used in this study, approximately 30-50 
seconds would be required to bring the centre temperature to 
within 10.C of the steam temperature. 

R-a1 of the lid frcm the receiving cyclone facilitated 
recovery of all the solid and liquid material produced E r a  the 
chips. 
recovery. 

A minirum quantity of washing water w a s  used during 
Hold up of solids in the gun assembly was negligible. 

Determination of Shot Yield, Ysbt 

Due to the low dry matter content (5 to 15%) of the steam- 
exploded uood ( S E W ,  accurate yield data could not be obtained 

in the usual Mnner. 1.e . .  smpling the exploded material and 
determining the oven-dry content. 

developed whereby the substrates were filtered onto a 70-um 
expanded polypropylene filter and the weight of filtrate and 
filter cake accurately determined. 

then regenerated for wen-dry estiaation at 105.C by accurately 

recombining samples of the filter cake and filtrate in the 
correct proportions. Due to the gradual release of volatile 
components E r a  the steam-exploded products, oven drying w a s .  in 
all cases, for a period of 2 h. All sribstrates were therefore 

air dried or, where necessary, freeze dried before being placed 
in the oven. 
wen-dry weight of SEW per 100 g of original 0.d. wood. 

An alternative procedure was 

?he exploded substrate was 

The shot yield, Yshot, was expressed as the 

Determinatkm of Vater-Insoluble Fibre Yield. YVI 

All steam-exploded substrates were stirred at room 
temperature using an overhead stirrer for 1 h at 5% (oven-dry) 
consistency in wter and then filtered Onto a 70-tm expanded 

polypropylene filter. The water- Insoluble fibre was then 
washed again under the same conditions, giving two products: 
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STEM EXPLOSION OF PINUS RADIATA. I. 381 

(1) water-Insoluble flbre (VI); and (2) water-soluble material 

(US) froa the combined filtrates (see F i g u r e  1). The drylraight 

yield of UI was determined after 2 h oven drying (at 105*C) of 
air-dried samples. The pararster Y was calculated as the 
oven-dry weight of YI per 100 g of original 0.d. wood. Until 

used, the VI and rS samples were frozen at -2O'C. 

UI 

Determination of Enzymatic Diqestibilitv and Enzymatic SUqar 

- Yield, Ym S 

Enzymatic hydrolysis of the water-insoluble fibre (Uf) was 
performed using the camercially available Novo Celluclast 1.5 1 

(NC 3000 84-10) cellulase preparation, supplmnted with 

exogenous 3-glucosidase in the form of Novozym 188 (PQJ 001 

84-6). 
A&, Denmark and had the following activities: Celluclast. 
69.9 FEWq and 1.8 Celloblase Units/g; Novozym. 0 p w / q  and 
673 Celloblase Units/g. 

to IUOE rec-ndationsl6. 
15011 conical flasks with a total liquid v o l w  of approxiPately 
100 rl. Digests caeprLscd Celluclast (40 ppv), Ilovozym (50 

Cellobiase Units), and pretreated substrate ( 2  g 0.d. equivalent) 

in 0.05 H citrate buffer (pH 4.8). containing either sodiu azide 

(0.01%) or thherosal (0.001%) as preservative, and were mixed 
to give a slurry density of 2% (wt. dry fibre/wt. liquid). 
Incubation uas at 50.C in a shaking waterbath, operating at 

150 rpm. Samples were withdratm at 0, 6, 24. 48 and 72 h and 
the supernatants. which were recovered by centrifugation. ware 
heated in a boiling water bath for 5 ain prior to resin 
treatment (see analytical methods) and high perforaance liquid 

chromatography (hplc) analysis. As an Internal control between 

batches of digests, Siglacell 50 was digested in duplicate as 
above, but at a slurry density of 1.2% in order that FPU/9p 

Both enzyme preparations were obtained froa Novo Industri 

Enzyme assays were perforncd according 

Dig8stions Yare p e r f o m  in 
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382 CLARK AND HACKIE 

cellulose bms in a similar range to that for the pretreated 
samples. 

The WI digestibility is reported as the yield of glucose 
after 72 h of enzymatic hydrolysis, expressed as a percentage of 
the potential glucose in the Cibre. The yield of enzymtically 
released sugars. Ym, is the total weight of all sugars released 
at 72 h. expressed per 100 g of original 0.d. wood. 

Determination of Water-Soluble Suqar Yield, < 
rronoarsric sugars present Fn the YS were determined by hplc. 

All VS samples uere post-hydrolysed. using 4% HZSO, (see 
below), to convert any oligaeeric sugars to llonaBers. The yield 
of water-soluble sugars, b, is expressed M grams per 100 g of 
original 0.d. wood. 

S 

S Detemlnat ion of Total Suqar Yield. YT 

Total sugar yield I s  calculated as the s u  of the enzymatic 
S S sugar yield, Ym, and the water-soluble sugar yield. b. and I s  

expressed as g r m  total sugar per 100 g of original 0.d. wood. 

Analytical Methods 

ash - uas determined wing Tappi Standard Tzll -80. 

Kxtractives - erhawtive extraction with methanol was used 
to prepare extractive-free material. 
carbohydrate analyses of P i n u  radlata wood were perforacd on 
extractive-free simples. 

The Klason lignln and 

Klason lignin - was determined using 
analagous to Tappi Standard T223-OS-31. 
estimated on the Kluscm lignin filtrates 

coefficient of 110 g.1 .cm . -1 -1 

17 a procedure 
Acid-soluble lignin was 

using M extinction 
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STEM EXPLOSION OF PINUS RADIATA. I. 383 

Carbohydrate determinations - samples were initially 
hydrolysed with 72% H2S04 and subsequently a secondary 
hydrolysis was performd using 4% H2S0,. as for the Klason 
lignin determl~tion~’. 

lignb the filtrates were prepared for hplc analysis as 
described below. Soluble carbohydrates ( f r a  vs samples) were 
post-hydrolysed using 4% H2S04, as above, in order to 
convert all oligosaccharides to monosaccharides. In calculating 

carbohydrate carpositions, hydrolysis loss factors have been 
applied to the results. These factors were determined by 
subjecting individual sugars to the hydrolysis procedure and 

measuring losses. The hydrolysis loss factors w e d  are glucose 
(1.053), xylosc (1.195). galactose (1.045). arabLnose (1.082). 

and mannose (1.092). 

After filtering off insoluble  las son 

Liquid chrcmatography - monosaccharides were quantitatively 
determined using dual Biorad H P X  87P colcpptls with water at 0.4 ml 
per min as the eluant. A Heulett Packard 1037A refractive index 

detector operating at a sensitivity of 1/4 w a s  w e d  for 
detection. 

prccollrru; one a strong cation and the other a weak anion 
(Biorad Cation -H and Anion -OH- cartridges). The 
analytical colrnns (only) were held at 85.C and the feed water 
the- statically controlled at 65.C. Smples (30 rl) 

contalning H SQ were first adjusted to pH 4.5 to 5.0 by 
stirring with solid Ba(O4fl2 for 30 rin and then filtering. 
All samples were then passed through a mired-bed ion exchange 

column containing equal proportions of Amberlite TR 120 (H 1 
100-200 mesh and mrck HP7080 (OH-) 100-200 mesh. The 

colourlcss sarples were adjusted to approxlmately 1 mg per ml 
total carbohydrate and filtered through a 0.45-\a filter prior 

to injection (25 ul). Brythritol. added to samples prior to 
treatment. IW used as an internal standard €or all rarples 

me analytical colrsau were protected by two 

+ 

2 4  

+ 
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384 CLARK AND HACKIE 

except those origlnatlng f r a  enzynatic digests. 
case glycerol, present as a stabiliser in the enzyme preparation 
Celluclast, was used as the internal standard. 

In the latter 

ExDerlmental Desiun 

The effects of the three variables, tins, temperature, and 

level. were investigated wIng a technique €ran response- So 

surface I.athodology, the central caposite design, which was 

first described by Box and Wilson . The design, shown ln 

Table 2, consists of a 20-run experiment. carried out In three 
orthogonal blocks. Six repeats of the centre-point conditions 

2 

18 

( 3  Pin. 215%. 2.55% So2) were Included, two In each block. 
Time (mln). temperature ('C) and so2 (% w/w) were coded and, 
where necessary. llnearised by the following expressions: 

- 1  T = loge (the) 
loge(3) 

. 8  * teimerature - 215 
20 

statistical analysis of the results was performed by 
mltiple 1Inear regression. fitting equation (1) to the 
experhntal data. 

Y = B + B T + S B + B S  + B  T . e + B  T.S 
0 1  2 3 12 13 

2 2 2 + B e.s + ~ ~ ~ ~ r . 8 . s  + B T + B e + B s 23 11 22 33 

... (1) 2 2 2 2 2  
1122T + B ~ ~ ~ T  .e + BZzle .T + B ~ ~ ~ T  .s + B 
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STEM EXPLOSION OF PINUS RADIATA. I. - 385 

TABLE 2.  
The Experimental Design 

Variable 

Tine ( m i d  0 . 5  1 3 9 18 
Temperature ( ' C )  182 195 215 235 248 
suiphur dioxide  (% u/w)  0.55 1 2.55 6.50 11.8 

1 
2 
3 
I 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

-1 
1 

-1 
1 

-1 
1 

-1 
1 

-1.633 
1.633 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-1 
-1 

1 
1 

-1 
-1  

1 
1 
0 
0 

-1.633 
1.633 
0 
0 
0 
0 
0 
0 
0 
0 

-1 
-1 
-1  
-1 

1 
1 
1 
1 
0 
0 
0 
0 

-1.633 
1.633 
0 
0 
0 
0 
0 
0 

2 
1 
1 
2 
1 
2 
2 
1 
3 
3 
3 
3 
3 
3 
1 
1 
2 
2 
3 
3 
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386 CLARK AND HACKIE 

Terms which uere statistically insignificant (at the 95% 
confidence level) were elirlnated frop equation (1) to give an 
eqirical model for each dependent variable In terms of the, 
temperature. and SO2 level. 
R , and the lack-of-fit test ratio. Plof, are reported in 
Table 3 to indicate the adequacy of fit for each empirical 
model. Pure error variance was calculated frcm the results for 
the sir repeats of the centre-point 

The coefficient of determination. 
2 

The ratio, 
is capared with the appropriate value f r a  the 

P-distribution. at the 95% confidence level. 
5 0 f  * 

Selected response parameters were thus lDode1led to provide 
mathematical descriptions of the response surfaces formed by the 
Interactions of time. temperature, and SO2 lapregnation 
level. Table 3 gives the rode1 coefficients and statistical 
data for the response parameters shot yield, U I  fibre yield. YS 

sugar yield. enzymatic-hydrolysis sugar yield. and total sugar 
yield. 
description of the experimental data, with I? values greater 
than 95% and Plof values less than 5 (cf. P(10. 5, 0.95) = 
4.74). The exception I s  the rode1 for water-soluble sugar yield 
which, despite having an R value of 9-, exhibits significant 
lack of fit. ThFs Is largely due to the exceptionally law 
standard error for the centrepoint replicates (see later In 

Table 5). Bxsrlnation of the coefficients In each model 
indicates that all three .aLn variables produce quite complex 
Interactions, yielding response surfaces with a high degree of 
curvature. 

In all but one case the wdels provide an excellent 
2 

2 

RESULTS 

The purpose of this study was to opthiso the steam-explosion 
S 

process in terms of obtainlng the maxiwrm total sugar yield (YT) 
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TABLE 3. 

Parameters 
Pitted coefficients in Equation 1 for Bmpirical Models of the 

'shot 4 1  
S 
'us 

s 
'm 

90.5 59.8 28.4 28.3 57.0 
-6.67 -8.19 

Bo 
81 
82 -7.56 -9.77 
83 -1.34 -4.11 2.16 1.83 3.99 
812 -3.96 -2.15 -4.06 -7.74 -11.8 
813 2.so -2.67 -2.65 
823 -1.61 -1.18 
8123 3.26 -2.37 -2.30 -4.68 
811 -0.84 -2.40 -8.03 -10.3 
822 -1.44 -2.05 -9.20 -11.1 
833 -1.69 -2.04 
8112 1.69 1.72 
8221 -1.16 -1.82 
8113 
81122 5.35 -2.64 3.27 -------------------------------------------------_-----__----- 
R2 98.2 97.0 95.0 99.4 99.3 
Flof 2.16 4.19 21.1 0.59 3.73 

C r a  Plnus rsdiatn. To do thls. standard response-surface 
investigative techniques uere employed. mesa involved fitting 
empirical models to the experbental data and the subsequent 
identification of opt- conditions of t i w .  temperature. and 

SO2 Impregnation level. 

Tables 4 and 5 present the basic analytical data for the 20 
run experbent, narraly, in Table 4. shot yield, water-insoluble 
fibre yield. fibre corposition. fibre enzymatic digestibility 
and, in Table 5, the water-soluble sugar yields.  Six repeats of 
the centre-polnt conditions (3 minutes, 215.C. 2.55% So ) were 2 
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TABLE 5. 

Raterial) 
Vater-Soluble Sugar Yields (All Figures S OD wood Starting 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

15 
16 
17 
18 
19 
20 

IYeanh 
SE (%I 

GlCC Xyld Gale Araf 

16.3 
22.6 
18.9 
18.5 
20.5 
25.7 
34.2 
13.7 
19.2 
24.8 
21.2 
24.7 
23.8 
30.5 

28.7 
29.0 
29.5 
29.0 
28.1 - 28.7 
28.8 
1.6 

2.27 3.26 
4.66 4.73 
4.61 3.86 
14.7 0.59 
2.87 4.23 
9.02 4.10 
15.5 4.51 
7.49 1.37 
2.90 4.02 
18.8 0.77 
3.05 4.52 
18.0 1.16 
6.11 4.59 
15.5 3.50 

10.7 4.42 
11.7 5.09 
12.2 4.24 
12.0 4.04 
11.7 3.94 
12.8 3.82 
11.9 4.26 
- 
5.8 10.8 

1.88 1.31 
2.27 1.30 
1.99 1.08 
0.88 0.27 
2.48 1.54 
2.54 1.29 
3.05 1.62 
0.97 0.65 
2.33 1.29 
1.25 0.77 
2.40 1.47 
1.07 0.72 
2-19 1.28 
2.58 1.01 

3.10 1.29 
2.77 1.21 
3.12 1.22 
2.90 1.30 
2.81 1.20 - 2.74 1.08 
2.91 1.22 
5.7 6.5 

7.55 
9.68 
7.35 
2.11 
9.40 
8.79 
9.55 
3.24 
8.68 
3.19 
9.72 
3.76 
9.65 
7.85 

9.18 
8.16 
8.72 
8.70 
8.45 - 8.32 
8.58 
4.2 

a See Experimental for tim. tarparature and SO2 level 
correspondlng to run nrrbcr. 
hydrolysis loss factors applied. 
reduclng sugars. 
galactose, flva = arabinose, 
standard error for centrepoint repeats. 

b Samples post-hydrolysed and 
Carbohydrate expressed as free 

= mannose. bean and 
C Olc = Glucose, dxy1 - xylose, -1 = 
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390 CLARK AND HACKIE 

performed (sea Experiphntal) and. for convenience. this block of 
data has been grouped together (run nubers 15-20). These 
replicates prwide an e s t a t e  of pure error variance for the 
experirent and enable lack-of-fit tests to be perforlled to 
determine the adequacy of fit between experimental data and the 
fitted models. 
is given in Tables 4 and 5, for each determination. and 
indicates that acceptable reproducibility was obtained in the 
experbent. 

The standard error for the six centre-pint runs 

D m  Matter Yields. Ysht and YV1 

The shot yield (Table 4) is the total yield of oven-dry 
material recovered f r a  the stem exploder. 
99.3% were obtained. The difference frop 100% rePIects the 
quantity of volatile vood decoaposition products formed during 
the process and lost either during gun operation or during dry- 
weight determlnatlons on SBU. T h i s  loss of wood substance 
during s t m  expkeion I s  considered to result f r a  both 

20 pyrolysis and acid-catalysed carbohydrate docaposition 
The forPsr can result in C02 and H 0 as volatile products 
while the latter may yield furfural and formic acid. 
losses in  the steam- explosion equipment were minimal and do not 
account for the loss of mod substance upon explosion. 

Yields from 64.7 to 

. 
2 

Physical 

The water-insoluble fibre yield was always less than the 

shot yield (Table 4) and the difference reflects the extent of 
solubilisation of wood substance during the explosion process. 
Yields varied f r a  38.7 to 81.5%. m e n  Xlawn lignin content 
and carbohydrate coaposition of the YI (Table 4 ) .  are compared 
with those for untreated Pinus radfata (Table 1). it I s  clear 

that the hemicellulose caponent of the wood is being 
solubilised. Under the m w t  severe experimental conditions used 
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(runs 4 ,  8, 10 and 12) the VI yields were 46.8%, 46.6%. 46.8% 

and 38.7% respectively. For each of these runs, Klason lignln 
contents exceeded 70%. and correspondingly law total 
carbohydrate contents were obtained. Substantial cellulose 

solubilisation was. therefore, also occurring. With the 

exception of runs 4, 8, 10 and 12, yields of Klason lignln in 
the Y I  (g/lOO g 0.d. original uood) were between 24.5 and 
28.5%. As the Klascwr lignin content of P. radlata Is 26.2% 

(Table 11, it can be conclurled that the lignin caporient of the 
vood w a s  not significantly solubllIsed. The severely processed 

runs 4, 8 .  10 and 12 retuned Kla~on lignln yields E r a  33.8 to 
38.81, suggesting the production of condensed carbohydrate 

decomposition compounds which analyse as Klason lignln. 
phenoaenon has been recognised by others2' working on steam 
explosion of aspemrood and the material has been referred to as 

This 

"pseudo lignln-. 

me response surfaces for YSkt and YwI (sae Table 3 for 
equations) are shcun In Figure 2 where contours of constant 
yield are plotted agaFMt temperature and the. for different 
So2 levels. 
characteristically hyperbolic, showing that time and temperature 

are Inversely related for a given yield. 
b, increasing either time or temperature decreases yield. 
Increasing the concentration of sulphur dioxide also has a 
negative effect. but this Is collrparatively -11. As discussed 

earlier. yuI Is alwys less than YSbt for a given set of 
conditions. the difference reflecting the amount of water 
solubles formed. 

The Contours for both yield par-ters are 

For both Ysht and 

Enzymatic DlQeStibllltY of the Water-Insoluble Fibre 

only linor .IOUnts of sugars other than glucose were present 

In all digest ions.  the proportion being highest for runs 1, 2. 
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3, 5, 9, and 11. The UI fibres for these runs still contained 
small aaounts of the hemicellulose sugars xylose and PLMnose 
(Table 4 ) .  As shown in Figure 3. digestibility correlates very 
closely with the total carbohydrate content of the UI. As the 

proportion of carbohydrate in the UI decreased, its 
digestibility increased. The corollary to this observation. is 
that high Klason lignin contents in the VI do not, per se 

result in poor enzyme digestibilities. The four runs conducted 
under the most severe conditions (Runs 4, 8, 10 and 121, gave 
correspondingly Low VI carbohydrate contents, and three of these 
showed ccmplete digestibility. Bun 8, however, which represents 
the outlier in Figure 3. gave only 35.6% digestibility. 
Apparently, the conditions in Run 8 (9 m i n . ,  23S°C, 6.50% SO2) 

resulted either in poor enzyme access to the small amount of 
residual cellulose, or alternatively. formation of a 
water-insoluble enzyme inhibitor. 

Typical digestion profiles are shown in Figure 4. Digestions 

were performed at a constant enzyme level of 20 P p W g  of oven-dry 
YI. Since the carbohydrate content of the UI varied frola 7.03% 

to 67.02\, FPU of cellulase/g cellulose is clearly mt constant. 
For this reason. initial rates of digestion cannot be meaning- 

fully carpared. However. it is valid to caapare the 72-h 
hydrolysis yields slnce in a11 digestions only slight increases 

In sugar yield occurred between 24 and 72 h (Figure 2). 
Indicating that all digestions had proceeded to coppletion. 
yields of total sugars after 72 h hydrolysis. expressed as 
g/lOO g of origLna1 0.d. wood are tabulated in Table 6. 

The 

Figure 2. Dry matter yield catour diagrams for three levels of 
-4t.gnatia. 1.0, 2.55, ud 6.5%. D h g r W  On 
left hand side describe shot yield ( Y w t )  and 
right hand side VI yield ( Y n ) .  
each contour line refer to respective yield levels, 
expressed as g/100 g original 0.d. wood. 

W r s  beside 
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1204 

6 0 -  

40-  
w 
c3 

0 1  I I I rl 

0 20 40 60 80 

CARBOHYDRATE CONTENT (x) 
Figure 3. Relaticmahip between U I  fibra anzymtic digestibility 

awl cubohydrata cantent. 

Carbohydrate Wdrolvsis Durinq the stcamlnq Process 

Table 5 gives the analytical data for the water-soluble 

sugars, obtained by water washing of the steam-exploded 
products. 
g/100 g of original 0.d. wad. The YS samples were 
post-hydrolysed to ensure that all sugars were present as 
-rs. 
gave significantly 1-r yields of mummers lrlllicating the 
presence of residual oligomxic carbohydrate or porulbly the 
forpation of sugar reversion products. 

The yields of Individual sugars are expressed as 

Analysis of these sarPples prior to poat-hydrolysis 
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ioa 

80 
n 
R 

5 60 

v 

s 
I2 

40 
3 

20 

0 

A 
/ 

n n 
U U 3 
I I I- 

0 24 40 72 

Figuro 4. Quyratlc digestion profiles for the digestion of n 
fibre from selected experimental runs. mm 1 (a 1, 
run 4 (a). run 6 ( * I ,  run 7 (A), run 17 ( a ) ,  run 18 
to) .  control Si-c.11 50 ( ,*). 

The yield of total sugars in the YS I s  presented In Table 6 
along with the yield of sugars enzymatically released f r a  the 
YI. In caparlng these two yields It I s  clear that a greater 
quantity of sugar uas solubilised during steam explosion than 
was subsequently obtained by enzymatic hydrolysis of the V I  

fibre. 

conditions. 
T h i s  was true under alrsost all the experimental 
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TABLE 6. 
Enzymatic Hydrolysis. Water-soluble. and Total Sugar Yields 

(All Figures % 0.d. original wood) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

LO 
11 
12 
13 
14 

15 
16 
17 
18 
19 
20 

maria 
SE (%I 

3.2 
12.7 
19.8 
7.6 
4.5 
23.3 
25.6 
4.2 
6.8 
6.9 
4.5 
2.9 
20.7 
26.8 

27.0 
27.1 
27.4 
29.0 
28.8 - 30.1 
28.2 
4.5 

16.3 
22.6 
18.9 
18.5 
20.5 
25.7 
34.2 
13.7 
19.2 
24.8 
21.2 
24.7 
23.8 
30.5 

28.7 
29.0 
29.5 
29.0 
28.1 
Ze.7 
28.8 
1.6 

19.5 
35.3 
38.7 
26.1 
25.0 
49.0 
59.8 
18.0 
26.0 
31.7 
25.7 
27.6 
44.5 
57.3 

55.7 
56.1 
56.9 
58.0 
56.9 
58.9 
57.1 
- 
2.1 

4nean and standard error for centxepolmt 
repeats. 

at-1 Conditions 

Inspection of the total sugar yield data in Table 6 suggests 
that the central conditions of the design erperiacnt l i e  

fortuitously close to the true opt-. Xavaver, by exaninhg 
the response surface, predicted by the total sugar yield model 

(Table 3). the effects of tine. temperature. and So2 level can 

be more clearly seen. 
total sugar yield versus time and t-rature for So2 

Figure 5 sham three-dimensional plots of 
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Impregnation levels of 1.0, 2.55, and 6.5%. Also shown ate 
contour plots, where contours of constant yield are presented on 
axes of tims versus temperature. Only those yields greater than 

50% have been plotted ln order to -re clearly show the optiaal 

region. Increasing SO level frcm 1.0% to 2.55% greatly 

increases the maximum yield predicted, but has little effect on 
the optimal treatment temperature and time which remain close to 
215OC and 3 minutes. The diagonal orientation of the response 
surfaces indicates that Slmllar yields can be obtalned along a 
range of tiass and temperatures, frau high temperatures with 
short tlmes, to lower temperatures with longer tinas. This 

relationship is most mrked on changing E r a  an SO2 level of 

2.55% to a level of 6.5%. which results In the predicted maximum 
moving from 215.C. 3 minutes to the more extrwe conditions of 
the experiment. ca. 245OC. 0.5 minutes. mile predictions of 
yield under such extrefue conditions may not be very reliable. it 

can be concluded that t h e  and temperature are inversely 
related, in a manner dependent upon SO2 level. 

2 

DISCOSSIW 

The maximum total sugar yields achieved in this experiment. 
(57 to 60%) represent 80 to 84% of the sugars potentially 

available In Pinus r d a t a  (Table 1). The residual 

carbohydrate in the undigestible portion of the UI accounts for 
a further 5 to 8% of the potential sugar. 

12% is unaccounted for and, therefore. must have degraded durlng 
the stem explosion process. 
sugar following steam explosion under centre-polnt conditions ( 3  

m i n ,  215.C. 2.55% SO,) Is shown In Table 7. 

Tho remalnlng 10 to 

The percentage survival of each 

The high percentage survival of glucfm (94.3%) and Its 
subsequent, efficient hydrolysis to glucose results in a total- 
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TABLE 7. 
Percentage survival of the mod Sugars Pollaring Stem 

gfplosion ( 3  min. at 21S.C and 2.55% so2) 

sugar survival ( % I  

sugar hydrolysate with a high proportion of glucose. 
contrast, glucose survival in dilute acid-hydrolysis processes 
is nomally only around 64%; 
have a lower proportion of glucose22. 
of the cabined VS and W streams is shown in Table 8, again for 
the centrepoint treatment. 

By 

consequently such hydrolysates 
The sugar composition 

The very high proportion of hexose sugars is a favourable 
feature, highlighting the advantages of (I) using softwoods in 
hydrolysis processes, and (11) using steam explosion and 
cellulase enzymes to hydrolyse the cellulose caponent. The 

hexose sugars are readily fermented to ethanol in high yield. 
using the traditional ethanolic ferrcntation. whereas pentoses 
such as rylose are only fermentable by s m  yeasts, as yet, with 
poor eEf1cienc-y . 23 

Figure 5.  zb. total sugar yiold response surface. ?*lotted 
against t-rature .nd tiw, for thrm lmls of 
q - i g r . g u t i o a .  1.0, 2.55, and 6.5%. lot each 

l m l ,  yielda greater than 50 g/lW g are 
plotted both u thrw-dlmouslaml dlagr- (at left) 
and as corro8pcnding amtour diagr- (at right). 
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TABLE 8. 
Percentage Sugar C4aposition of the C a b i n e d  Water-Soluble and 

Enzymatic Hydrolysates 

% coaposition 

Hexoses : Glucose 
m o s e  
Ga lactose 

69.6 
15.2 
5.4 

Total 90.2 

Pcntoses: xylose 7.6 
Arabinose 2.1 - -__ 

Total 9.7 

The wide spread of operating conditions e x a i n e d  In  this 
experlwnt precluded exact determination of optimal conditions. 
Hawever, the regions of the response surface enclosing such 
conditions have been clearly identified. In particular, 
processing thes of approxiPetely 1 m i n ,  with temperatures 
greater than 220.C. at least at high So2 levels, appear to be 
superior to the centrepoint conditions of 3 m l n .  and Z1S.C. 
Figure 6 shows predicted total sugar yield plotted against SO2 

level for the centrepoint tiaa and temperature conditions. 
Under these conditions. the effect oE increasing SO2 level on 
yield reaches a plateau above about 3%. Haraver. at levels 
between 0.5 and 3% the effect of SO is highly significant. 

2 

The WI fibre produced in this study w a s  substantially more 

digestible than has been reported by other workers hvestigatbg 
steam pretreatment of P i n u s  radiata 
reported cellulose to glucose (72  h) digestlbillties of 
approx-tely 60% for pulps obtained by processing at ZOO°C for 
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0 4 8 12 

SUISHUR D I O D E  LEVBL ( X  w/w) 

Figure 6. Predicted total sugar yield versus ~-F.pregnation 
level for constant conditions of. t L a  and t-rature 
(Tlma = 3 rin.. T q r a t u r e  = 2lS.C). 

10 aln with 4% SOZ-impregnation. 
water-soluble sugars were not reported. these conditions are 
certainly non-optlmal for maxiaislng total sugar yield. 

Although data on the 

~y ulng an eqparhental optinisation procedure to 
Investigate the steaa explosion of Pinus radiata i t  can ncu be 
clahed that softwoods, of which P. radtata is typical, can be 
made as amenable to hydrolysis by cellulase enzymes as 
hardwoods, which have previously h e n  considered the only viable 
substrates for such processes. The only difference In treatment 
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402 CLARK AND HACKIE 

required is the selection of more severe conditions of t h e  and 

temperature for softwoods and the use of SO2 as an acid 
catalyst. whether SO acts solely as an acid catalyst or 
actively sulphonates lignin is being currently investigated, as 
are the properties of the steam-explosion lignins obtained frcm 
the process. 

2 
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