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H. M. Zhai and Z. 2. Lee 
Department of Chemistry and Engineering of Forest 

Prcducts, N a n j i n g  Forestry University, N a n j i n g ,  China 

ABSTRACT 

lmis paper deals with the ultrastructure, lignin distribution 
and topochemistry in alkaline pulping of wheat straw. 
stmcture of what straw fiber is similar to that of a wood 
tracheid. 
regions of wheat straw are similar to the corresponding regions in 
birch wood fiber. 
lignin in ML and cc regions are much higher for wheat straw than 
for wood fibers. 
chemical effect during the delignification of wheat straw fiber in 
soda pulping P-s. 

The ultra- 

The lignin concentrations in various mrphological 

But the lignin contents as a percentage of total 

This study shews that there is hardly any tqm- 

INTROIXCI'ION 

G r a s s  species are important pulping r aw materials that are 
being used naw and will be used for a l o q  time in china. %us, it 
is an important task for Chinese scientists to study and exploit 
grass fiber resources. wheat straw occupies a main position in 
grass raw materials for pa- ' inchina. Previous investi- 
gations indicated that dissolution of wheat straw lignin in alka- 
line solutions can be obviously divided into three phases, which 
is different from that of wood, arid that the degree of deligni- 
fication required to reach the defibration point is higher for 
wheat straw as ~ampared with w00dl. In oder to explain these 
differences, the ultrastructure, the morpholcgical distribution 
and chemical structure of lignin, and the topachemistry of 
delignification were investigated. 
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3 88 ZHAI AND LEE 

Exmm4FmAr.J 

Purification of Wheat Straw Fibers 
The wheat straw (Triticum aestiwm C.V. Y a m  No. 4) was 

collected frcan N a n j h g ,  J i m  province. 
into pieces of 25 nun length and ground in a Wiley mill. The 
fraction retained by a 40 mesh screen was softened in glycerin- 
alcohol. 
rubbing followed by decantation. 
washed with distilled water and dried over P2O5 in vacuum to a 
constant weight. 

The wheat stems were cut 

Small broken and non-fibrous cells were rammed by 
"he spechen was thoroughly 

Isolation of ElwLs Rich in S e c o n d a r y  Wall Liqnin and Middle 
Lamella Liqnin 

MwLs rich in secondary wall liqnin and middle lamella lignin 
were isolated by grirding the wheat straw i n  a vibratory ball mill 
for different length of time according to the method of Lee et a12 
for hardwd .  M w k  were purified according to Bjorlanan's method. 

Bromination 
Brclminations of wheat straw, pulps and cotton fibers were 

performed according to the methcd of Saka et al3, but the 

extraction time with CXC13 was 7 days followed by attraction with 
absolute ethanol for 3 days. 
and sw lignin was the same as that of wheat straw except that the 
quantity of bromine was doubled. 

Brmnination of MwLs rich in ML lignin 

Preparation of the Tablet of the Brarmna ' ted Samples and 
Analvsis by Sm-EDXA 

spectroscopically pure carbn was quantitatively added to the 
branhated sample, ground in an agate mortar and then pressed into 
tablets in a hand press (Model SSPlO, Shimazu corporation, 
Japan). 
E3romine P laye r  (Br-L, 1.42-1.56 Kev) X-ray counts less background 

were measured by a 60-second surface analysis with an EDXA (Model 

The tablets were analyzed by the SEN-EDXA technique. 
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DELIGNIFICATION IN ALKALINE PULPING 389 

9100, philips campany, Holland). 
w i t h  a SEM (Moael 505, philips ccanpany, Holland). 
w e r e  held oonstant throughout the entire measurement. 

The accelerating voltage w a s  25 KV 

other conditions 

Analvses of the Distribution of Brarmne * i n t h e c r o ~ ~ - s e c t i o n  
of the Cells 

Digestion: A l k a l i  &axye: 29.8% on s t r a w  as NaOH; 

Liquor:straw ratio 8:l; 

!kmperature 100%. 

Several cooks w e r e  made and the extent of lignin -1 w a s  
controlled by different cooking t i n e s  t o  achieve different degree 

of delignification r a r ~ ~ b q  from 30-80%. 

Both the Qround s t r a w  specixlen and the pulp specimen (1 mm * 
0.5 nun * 5 m) were b h t d  in CNorOfOnn 

resin, and then sectioned with a glass knife mounted on a LXB M o d e l  

V ultramicrotome. me tzansverse sections (1.0 um) were p l a d  on 
a hanhade carbon grid and studied by the SEM-EDXA technique after 
coating w i t h  ca rbn  in a vacuum evaporator. 
conditions w e r e  the same as above. Br-L (1.42-1.56 Kev) X-ray 
cuunts less backgnxlnd w e r e  measured from d i f f e r a t  mrpholcgical 
regions by l20-second point analyses. 

inbedded in epoxy 

The analytical 

studv of U l t r a s t r u c t u r e  of wheat s t r a w  
Analysis of ~ ~ U ~ ~ ~ t r u c t u r e  of wheat s t r a w  w a s  performd according 
to  cote, et a14. 

RESULTS AND DISCUSSION 

Ultrastructure of wheat s t r a w  
Just like wood tracheid, the wheat s t r a w  fiber consists of the 

middle lamella (ML), the primary wall (P), the outer (sl), the 
middle ( S z ) ,  and the inner (S3) layers of the secondary w a l l  as 
shcwn in  Figure 1. 
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390 Z H A I  AND LEE 

FIGURE 1 Transverse Section of Fiber 
TEM ~ 6 0 0 0  

The Thickness and percentage volume Fraction (m) of Various 
Morphological layers in Wheat Straw Fiber and Spruce Cell W a l l s  

wheat s t r a w  spruce 

Thick Fiber  Thin Fiber Tracheid 
'Ihickness PVF Thickness PVF Qxickness WF 

(urn) @-I (%I (urn) (%) 

ML+P 0.1 -0.2 9.3 0.06-0.12 12.3 0.05-0.1 10.2* 

s1 0.1 -0.3 0.2-0.3 0.15-0.2 9.9 

S2 1.8 -2.5 83.5 0.5-0.8 80.7 0.7 -2.0 75.9 

S3 0.15-0.3 0.1-0.2 0.1 4.0 

cc --- --- 7.0 --- 5.4 --- 

* containing the region 
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DELIGNIFICATION IN ALKALINE PULPING 391 

FIGURE 2 F i b r i l s  of P Layer of F iber  
Replica ~10000 

The thiw of various morphological layers in the wheat 

straw cell w a l l  w a s  measured under T!EM a t  a magnification of 6000- 
8000 times. 
are given in Table 1. 

straw fiber is thicker than that of the spruce tracheid and the 
percentage volume fraction (pvF) of the middle lamella and the cell 
corner i n  w h e t  straw fiber is gre~ter  than that of spruce 
tracheid . 

The results tcgether w i t h  thcse obtained for spruce 
It is clear that the S1 layer of the wheat 

The orientation of f ibr i ls  i n  various layers in  wheat straw 
fiber is different. 
in Figure 2, display a netlike texture. 

The f ibr i ls  of the primary w a l l  (p), as shown 

on the other hand, the 
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392 ZHAI AND LEE 

FIGURE 3 Fibrils of Sl Layer i n  Fiber 
Replica xlO000 

fiber in Figure 3 shms that the f ibr i ls  are oriented helically and 
almost perpendicular t o  the fiber axis which is consider& t o  be 

the S1 layer. The f ibr i ls  with a slop of about 20-30° can be seen 

on the S2 layer in Figure 4. 

since the wheat straw fiber has a thick S1 layer i n  which the 
f ibr i ls  are oriented laterally in crcs  helix1, it makes 

defibration of wheat straw pulp more difficult. 

beating degree of whea t  straw pulp during beating is due mainly t o  
the crushing of its parenchymas. 

The increase in 
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DELIGNIFICATION IN ALKALINE PULPING 393 

FIGURE 4 Fibrils of S2 Layer in Fiber 
Replica xlooo0 

'Ihe p i t s  in wheat  straw fiber are irregular conical chaxhrs 

(Figure 5 ) .  

f i r s t  discovery of a warty layer in non-wod r a w  materials. 
A warty layer can be observed i n  Figure 5. This is the 

The walls of vessels (on upper l e f t  corner of Fiqure 6) and 
parenchyma (Figure 7) also have layered structureS. It is also 
noted that the parenchym cell corner is enpty where liquor 
penetrates easily. The epidermis has thicker walls and its cell 

w a l l  has a layered structure (Figure 8).  

are simply circular or e l l i p t i ca l  (Figure 9) .  However, the p i t s  in 
vessels are conical chambers (Figure 10). 

The p i t s  in parenchyma 
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394 ZHAI AND LEE 

FIGURE 5 Pit of Fiber Replica x3oooO 

Mi- ic Distribution of L h i n  in Wheat Straw Fiber 
Distribution of lignin in wheat straw fiber was  studied w i t h  

SEWJ3DXA technique. 
in cmpaxd middle lamella lignin (w lignin) and one rich in 
secondary wall lignin (sw lignin) were isolated from the wheat 
straw fiber sample relatively free fm non-fibrous cells. 
previous study indicated that in hardwood, MWL initially originated 
mainly f m  the ccanpourxl middle lamella wh-s the contribution 
f m  secondary wall increased with increasing m i ~ i m j  tim2. on 
the other hand, Whiting and coring5 reprted that with spruce wood, 

MWL w a s  extract& mainly f m  the secondary wall, in contradiction 
to the above results for hardwood. Ihe effects of milling time on 

For this purpose, two MWL fractions, one rich 
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DELIGNIFICATION IN ALKALINE PULPING 395 

FIGURE 6 Transverse Section of Vessel 
m xloooo 

l i g n h  yield and sugar content of MWL from the wheat s t r a w  fiber 

are given in Table 2. 

d e c r d  and the total sugar contents increised with increasing 
milling time, fllssestirg that w h a t  straw lignin behaves similarly 
t o  hardwood lignin. nus, MWL rich in CML lignin and 
SW lignin can be isolated by different milling t i m e s .  
study, CML lignin fraction w a s  isolated af ter  18 hrs of mi1li.m~ 
whereas SW lignin fraction was isolated af ter  141 hrs of mill-. 

As can be seen, the mason lignin contents 

rich in  
In this 

In  order t o  determine the different reactivity of the two 
lignin fractions tawards branhe, chemical analysis and SEM-FDXA 
technique w e r e  adopted to  masure the branine contents in the 
brcnninatd products. The results are sh- in Table 3 .  
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396 ZHAI AND LEE 

FIGURE 7 Transverse Section of Parenchyma 
TEM x15000 

me ratio between r-ctivities of the secondary w a l l  l i g n h  
and the middle landla lignin tawards branhation was 1.84 and 2.08 

us- chemical analysis and the sEM-EDl[A tedmique, respectively. 
~hese results are consistent w i t h  those of   aka -6 and 
~naI.dson and -7 but are not consistent w i t h  those of 
W e s t e n m r k ? .  D i s r e g a r d  the la t ter ,  the results indicated that in 
both wheat straw a d  wccd, the middle lamella lignin differs f m  
the secondary wall lignin in their reactivities tawards branhation 
and that the method used for the separation of the two lignin 
fractions is appropriate. 
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DELIGNIFICATION IN ALKALINE PULPING 39 7 

FIGURE 8 Transverse Section of Epidermis 
TEN x6000 

The Br-L X-ray counts of the different brominated cell 
determined by the SEM-EDXA technique are shown in  Table 4. 

following two conclusions can be dram: 
1. Just as in the case of wocd, i n  both fiber and non-fiber cells 

the lignin concentration is the highest in the cell corner and 
the l o w e s t  i n  the secondary w a l l .  

2. In the mrpholcgical regions of a l l  cells, the lignin 
concentration is the highest in parenchyma cells, follawed by 
fibers, and is the l o w e s t  in e p i d d s  cells. 
probably due t o  the higher content of silicon in epidermis 
cells. 

The 

The latter is 
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3 98 ZHAI AND LEE 

FIGURE 9 P i t  of Parenchyma Replica xlOO00 

The lignin concentrations in various morpholqical regions of 
wheat  straw fibers were  calculated based on the m-L X-ray counts, 
the volume fractions of various regions, the total  lignin content 
of the straw fibers and the relative reactivity of the middle 
lamella 1igni.n and the secondary w a l l  lignin tawards branination. 

The results are shm in Table 5. As can be seen, lignin 
concentrations in various morphokgical regions of wheat  straw are 
similar to those in the corresponding regions of birch fiber. 

The distribution of lignin in various morphological regions of 
straw fiber is listed in Table 6 .  muse the volume fraction of 
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DELIGNIFICATION IN ALKALINE PULPING 399 

FIGURE 10 P i t  of Vessel Replica xloooo 

TABU 2 

Effects of Milling Time on Yield, Furity, and the Total 
S q a r  Content of MWI.6 

Milling T b  (hr) 18 21 56 72 141 Residue 

Yield (%)* 5.7 7.0 9.3 11.6 16.3 -- 

Total sugar(%)** 1.1 1.4 2.3 2.5 4.2 -- 
Klason lignh(%)** 92.9 92.8 92.1 91.5 90.3 13.6 

* 011 the basis of Klason lignin content i n  wheat straw 
** on the basis of MWL 
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TABIE 3 

ZHAI AND LEE 

Relative Reactivity of the Middle Lamella Lignin and the s e w x k y  
wall Lisnin tawards ]Bromine 

chemical method 
(gm WFP” lisnin) 

straw fiber 0.394 

sw lignin fraction 0.424 

ML lignin fraction 0.230 

Ratio SW/ML, 1.84 

SEM-EXIAX 
(X-ray counts/gm lignin) 

-- 
1. 62*106 

7. 80*105 

2.08 

TABLE 4 

Br-L X-ray Counts of Different Kinds of Brcaninatsd Cells 
in wheat straw 

Thick Wall Fiber 1620 2156 2992 

Thin Wall Fiber 1340 2004 3336 

l?arenchyl.iEi cell 2005 2599 -- 
Epidermis cell 1022 1690 1743 

TAE3I.E 5 

fiq-nin concentrations in Various Moxpholqical Regions of Straw 
and Wood Fibers 

Lisnin concentrations 
(gm 1ignWq.m tissue) 

sw ML cc 
wheat straw 

Thick Wall Fiber 0.168 0.412 0.571 
Thin Wall Fiber 0.154 0.339 0.664 

B i r c h  Fibers 0.16-0.19 0.34-0.40 0.72-0.85 

Spruce ”racheidlo 
Earlywood 0.225 0.497 0.848 
Iatewcod 0.222 0.60 1.00 
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DELIGNIFICATION IN ALKALINE PULPING 401 

Distribution of Lignin in Different Morphological Regions 

% I&p~in Distribution in 
sw ML cc 

Wheat Straw Thick Wall Fiber 67.5 18.0 14.5 
Thin Wall Fiber 57.5 20.3 22.2 

Birc;h Fiber9 77.5 11.3 11.2 

Spruce '&acheidlo Earlywccd 72.1 15.8 12.1 
Latewood 81.7 9.7 8.6 

TABLE 7 

Distribution of the Lignin during Soda pulphq 
of the Thick Wall Fiber 

cooking Lignin concentration Delignification 
Samples Time (%I 

(h) c, c, c, s ML cc 
Uncooked 0 0.218 0.168 0.412 0.571 0 0 0 0 

s-1 6 0.171 0.133 0.331 0.453 31.0 30.2 29.1 30.1 

5-2 15 0.124 0.096 0.227 0.326 64.3 63.9 65.3 62.3 

5-3 45 0.098 0.072 0.204 0.274 72.9 74.3 70.2 71.2 

s-4 110 0.073 0.059 0.131 0.165 81.3 80.6 82.2 83.8 

the middle lamella and the cell corner in wheat straw fiber is 
larger than that in wood fiber, the percentage of total lignin i n  
the middle landla and the ell comer is greater for wheat straw 
fiber than for wccd fiber. 
distribution in wheat straw fiber. 

This is a characteristic of lignin 

mwchemistrv of Delianification of wheat Straw 
At loo%, the variations of lignin concentration in various 

mrpholcgiCdL regions of the thick fiber with cooking time are 
sham in Table 7 and Figure 11. 
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n 
20 

0 
lu 

a0 

a "\ 
100 

0 20 40 60 80 100 
Delignification of Delignification Of 

wheat straw (%) spruce (%) 

'0 20 40 60 80 100 

FIGURE 11 Plot of Percent Lignin Removed frm the SI ML and 
CC of the Wheat straw or Spruce vs Percent Lignin 
Removed from the Wheat straw or Spruce 

It is of interest to note that percent delignification values 
of the different morphological regions in the fiber and the whole 
are almost the same as shown in Table 7 and Figure 11. 
Mates that there is hardly any topochemical effect in scda 

pulping of straw fiber. This is further demonstrated by the 

delignification kinetics characteristic of s t r a w  fiber as discussed 
below. 

This 

In Figure 12, the logarithm of lignin concentration during 
soda pulping are plotted versus cooking time for the three 

morpholcgical regions of the straw fiber. 
three morphological regions follow two distinct pseudo-first-order 
delignification phases, a rapid bulk delignification phase followed 
by a slower supplemntary phase. The third residual phase can not 
be obsewed under the conditions used in this study. 
constants of these two peudo-firstdrder delignification phases 
were caquted for all three regions and the results are Shawn in 
Table 8 .  

It is obvious that all 

The rate 

In all three regions, there is little difference in the 
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DELIGNIFIGATION IN ALKALINE PULPING 403 

0 10 20 30 40 50 60 70 80 90 100110 
Time (rnin) 

FIGURE 12 Comparison of Delignification Kinetics for 
Different Morphological Regions by Soda Pulping 

TABLE 8 

The Rate constants (k) of the S, CML and CC Regions in D i f f e r e n t  
mlignification hses (min.-I) 

Wilk phase Supplementary phase 
(k*102) (k*103) 

s 3.8 2.2 

CML 3.8 4.7 

cc 3.9 6.5 
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TABLE 9 

The D q r e e  of Delignification of varicus Fibrous Raw Materials 
at the point of Fiber Liberation 

Raw Materials Pulping Wthcds Delignification(%) References 

Iarch Kraft 86 13 

R i c e  s t r a w  Kraft 91 13 

Amur Silver Kraft 
GrasS 

96 13 

m e a t s t r a w  soda-AQ 92-94 1 

rate constants of bulk delignification, indicatm lack of 
topochemical effect. 
did show saw differences but this should not affect the overall 
kinetics since the bulk delignification accounted for nearly 70% of 
delignification and the rate collstants of the supplemntary phase 
are much smaller than those of the bulk phase. 

The rate constants of the supplementary phase 

H w e v e r ,  a previaus study on topochemistry of delignification 
of spruce wood dur- kraft pulping shawed that the secondary wall 
lignin is preferentially remared in the initial stage of 
delignification, follawed by a rapid dissolution of lignh from the 

middle lamella region&. 
study on kraft pilping of muglas fir3. A topochemical effect was 
also observed in the kraft pulping of birch but the effect 
is smaller than with spruce. 
the wheat straw during soda pulping is quite different fram that of 
softwood durixj  kraft pulping and is mre nearly like that of birch 
wood. The lack of topochemical effect in scda pulp- of wheat 
s t r a w  is pmbably caused by three factors: (1) the structure of 
lignh in the middle lamella of wheat s t r a w  differs from that of 
softwood, (2 )  the tissue stmcture of the what s t r a w  is looser 
than that of softwoo3 such that the penetration of liquor and 

mese results were s q p x t e d  by a later 

%us, the topochemistry of 
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DELIGNIFICATION IN ALKALINE PULPING 40 5 

diffusion of dissolved lignin are easier, and (3) the average pore 
size in the secondary wall inrreases because of the dissolution of 
a large amount of hdcelluloses durhg the initial phase of 
delignif icationl. 

Defibration Point of Grass Fibrous Raw Materials 
Previous investigations demonstrated that the delignification 

at the liberation pint of grass fiber is higher than that of wood 

fiber in alkaline pulpw as shm in Table 9. 

TWO factors may contribute to the higher degree of 
delignification required to reach fiber liberation pint for the 
grass fib- m w  materials: (1) the higher percentage of lignin in 
the mime lamella and cell corner, and (2) the lack of 
topod~exnical effect. 'Iherefore, the ligniri concentration of ML and 
CC regions always mahtains a level 2.2 to 3.8 times higher than 
that of the S region. 
nust be achieved before the lignin concentration in the ML and CC 
is l m  enough to reach the fiber liberation point. 
increaSe the strength and the yield of pulp f m  grass fibrous raw 
materials, it is important to find new chemical pulping m e t h e  
that selectively dissolve lignin in the ML and a regions or to 
ccanbine mecharu 'ml measures after chemical pilping to so~ne extent. 

lhus, a higher degree of delignification 

In ozder to 
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