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ARSTRACT 

Different cellulose samples as well as ligno- 
cellulosic materials which had been pretreated by 
either organoaolv or hydrothermolyaia proceaaee vere 
tested 88 to their degradability by a crude cellulaae 
preparation from Trichoderra viride. The glucose con- 
centrations in hydrolyaate sample8 were determined by 
HPLC. End-product Inhibition of the cellulaae complex 
by glucose and cellobloae w a a  a l s o  studied, as were 
inhibitory effects caused by lignin- and hemicelluloae- 
derived pretreatment aide-products. 

IIRBODUCTIOE 

Within the scope of reaearch efforta aimed at 

utilieing cellulose-containing biomass for the produc- 
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2 70 HOWEYER ET AL. 

tion of energy and chemicals, enzymatic degradation 

has, over the years, earned extensive attention (1-3).  

However, substrate pretreatment steps are very impor- 

tant in order to enhance the acceeeibility of cel- 

lulose to the ceilulase complexes. The topochemical 

restrictions to be overcome include the presence of 

hemicelluloae and encrusting lignin ( 4 , 5 )  as well as 

unfavorable pore size distribution and, eventually, 

crystallinity of the cellulose iteelf ( 6 - 8 ) .  

The processes designed to render substrates more 

accessible to the enzyme molecules 'can be grouped into 

physical methods - milling, irradiation - (9,10), 

chemical. methods - reprecipitation from aolvents; 

acidic, alkaline and oridiaing agents - (11-161,  

thermochemical proceeses - e.g. ateam explosion, 

organosolv and hydrothermolgsis - (?7-22), and 

biological pretreatrent by rot fungi (23 ,24) .  

Hydrothermolyais uaes pressurieed water Inatead of 

ateam. In its firet etage (at approx. 200 OC and 20-30 

bar), the water, which ie paaeed through a veasel 

containing the biomaas material to be disintegrated, 

rapidly removes all hemicellulose and the soluble 

lignin from the reaction eone. The equipment available 

can a l s o  be w e d  with mixtures of vater and organic 

solvents, i.e. for both the hydrothermal and the 

organosolv process. In the present atudy, the residues 
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ENZYHATIC SACCHARIFICATION OF CELLULOSIC MTERULS 271  

so obtained from several materials - vhich still con- 

tain a l l  of their cellulose - have been tested with a 
commercial Trichoderma viride cellulaae. 

In all 

paration of 

land), batch 

experiments, a technical cellulase pre- 

A.B.X. Chemicals Ltd. (Stockport, Eng- 

no. 3155; w a a  used. This crude lyophi- 

lized culture broth of Trichoderma viride, vhich 

manifests high P-glucosidase activity, has a pH optimum 

at 4.0-5.0 and a temperature optimum at 45 OC. Hovever, 

vhen cellulosic materials are present, temperatures up 

to 55 OC are easily tolerated. In the filter paper 

diaintegration assay procedure specified by the sup- 

plier, each g r a m  of the enzyme preparation liberates 

7.0 mg glucose/min. 

Subatratea 

a) Pure celluloees: 

Celluloke, microcrystalline (Avicel(R)), Merck, Darm- 

atadt, West Germany, batch no. 2313920 

Cellulose, native, Xerck, batch no. I 1  98536 

Cellulose powder, Schleicher 8 Schiill, Dasael, Weat 

Ge rmany 

Cotton (from the card) 
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272 HORnEYJiR JlT AL. 

b) Raw materials for pretreatment: 

Poplar vood (Populus deltoides); chemical composition: 

41 .!3$ glucan, 14.5$ xylan, 21.8s llgnin 

Wheat straw (Triticum vulgare); chemical composition: 

40.5s glucan, 20.9s xylan, 17.2s lignin 

Pretreatment8 

a) Hydrothermolysis: 

Percolation of 2-3 g of the raw material with 10 ml/ain 

of deionized water for approx. 30 min (dynamic pro- 

cess); reaction cell volume: 10 ml. 

b) Organosolv pretreatment: 

Percolation of 2-3 g of the raw material with aqueous 

methanol (methanol/water ratios given in the respective 

figures); flow rate: 10 d/min, time: approx. 30 min, 

reaction cell volume: 10 ml. 

Buffer Solution 

0.15 M acetic acid w a a  adjusted to pH 5.0 with 

caustic soda (chemicals purchased from Merck). 

Dry Wight Dete-nationa 

In order to relate saccharification yields to the 

absolute dry maas of each substrate used, veight loss 

of air-dry and moist substrates VBB determined after 

expoaing them to I95 'C for 20-24 h. 
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ENZYMATIC SACCHARIFICATION OF CELLULOSIC M T E R I A L S  273 

Busymatic Hydrolysie 

Prom each subetrate, an amount corresponding to 

ca. 100 mg (abs. dry); together with 25 ag of the 

cellulase; was placed in a ecrew-topped 20 ml 

polyethylene vial and suspended in 8 m l  0.15 M acetate 

buffer of pH 5.0. For inhibition studies, presumed 

inhibitors had been dissolved in the buffer in adequate 

concentrations. The vial w a s  closed and, for the 

respective period of time, eubjected to reciprocal 

ahaking at 120 strokes/min in a water bath thermoetated 

to 50 OC. 

After incubation, 6 61 of deionized water w a a  

added and the suspension w a s  ceptrifuged for 5 ain at 

3300 rpm. The glucose concentration in the supernatant 

w a s  determined by HPLC. Samples which could not be 

analyzed immediately were frozen and kept at -17 OC. 

Chromatographic AmLl7ais 

For glucose quantification, two HPLC systems were 

available. System A (25) w a s  used for analyses per- 

taining to wheat straw and poplar wood degradation, 

system B (26) for those pertaining to the degradation 

of pure cellulose and inhibition studies. 

System A. Column: amino-bonded phase Bucleosil 

5-m~ ( 5  )", Hacherey 8 Bagel, Wren, West Germany), 

250 x 4.6 mm I . D .  (filled by the slurry-packing 
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274 HOWEYER ET AL. 

technique; used without pre-column). Eluent: 1.5 ml/rin 

of acetonitrile/water 77:23 (v/v) at 23 OC. Pump: Altex 

110 A (Altex Sci., Berkeley/CA, USA). 

110 A (Altex Sci., Berkelep/CA, USA). 

System B. Column: Ca-loaded ion-exchange material 

p-8pherogel 7.5 (sulfonated polystyrene-divinylbeneene 

resin, 7.52 croes-linked, Beckman Inc.; Berkeley/CA, 

USA), 300 x 7.5 mi I.D. (pre-packed). Pre-column: 

ion-exchange (Cation H) Micro-Guard cartridge (Bio-RAD 

Laboratories, Richnond/CA, USA). Eluent: 0.8 m l / m i n  of 

water at 85OC (column oven compartment: Shiaadzu Corp., 

Kyoto, Japan). Pump: Beckman 114 M. 

In both caees a Waters R 401 refractive index 

detector waa used (Waters Assoc., Milford/MA, U S A ) ,  and 

samples were injected through -the 20 ul loop of 8 ~ 1  

Altex 210 injection valve. 

From the glucoee concentrations thus determined, 

saccharification yields were calculated according to 

the formula, 

100 $ 
$ eacchar. = mg/ml glucose x 14 m l  x x 0.9 * 

m g  subetr. 

where the factor 0.9 represents the molecular weight 

r'atio of glucan monomer8 (CgHloOg) to glucose 

(C@1206). Therefore, throughout this study, extents of 

saccharification in percent are baaed on the dry m a a s  

of the substrates (pretreatment residues). In addition, 
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tNZY?IATIC SACCHARIFICATION OF CELLULOSIC MATERIALS 275 

the yields of water insoluble fibers that make up the 

pretreatment residues are given in the appropriate 

figure captions. They, too, are on a dry weight basis. 

BBSUL'ILS ABD DISCUSS101 

Callalase Action on Different Types of Celluloae 

For proper interpretation of the analytical 

results, one has to consider that, under the reaction 

conditions outlined in the preceding section, the crude 

cellulase preparation a l so  liberates some glucose in 

absence of substrate. The time course of background 

glucose concentration in situ is gi.ven in Fig. 1. Thus, 

from any of the concentrations determined by HPLC, 

proportionate values for 14 ml final volume must be 

subtrac+ed. 

1.1 

0.9 .i 
FIG. 1 : Glucose formed from the 

cellulaee preparation alone 
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2 76 HOWEYER ET AL. 

In Fig.2, saccharification curves of some un- 

treated cellulose samples are compared. The so-called 

native cellulose is much more acceaaible to enzymatic 

hydrolysis than the microcrystalline form, whereas the 

natural morphologic state prevailing in the cotton 

sample provides highest stability. After hydrolysis 

times of hours and more, ricrocryetalline cellulose 

is only degraded to 3/4,  cotton from the card to 3/?0 

the extent obaerved with native cellulose. Hence, 

native cellulose w a a  used throughout the following 

inhibition studies. 

- -  I 

time ' ..-- ... ..-. 
I I I I 

0 20 lo io 00 h 

FIG. 2: Enzymatic degradation of cellulose, 
.-*-.-native cellulose --- --microcrya talline cel lulose 

celluloee powder 
-----.-**-cotton (from the card) 
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ENZYWTIC SACCHARIPICATION OF CELLULOSIC HATERIALS 277 

Inhibition of the Cellulaae Complex 

Glucose and cellobiose, i .e . the principal 

products of the enzyme-catalyzed reaction sequence, are 

knovn to play a decisive role in the regulation of 

ceilulase activity. A traditional problem with Tricho- 

-- derma viride preparations has been that this fungus se- 

cretes but little ~-1,4-glucosidase (EC 3.2.1.21). 

Unless cellobiase is eupplemented from other organisma, 

e.g. Aspergillus sp., that deficiency may give rise to 

cellobioee accumulation (27-30). 

The enzyme mixture used in this vork exhibited 

sufficient P-glucoeidase activity to ensure quanti- 

tative conversion of cellobiose to glucose. Glucose, on 

the other hand, did inhibit to some extent the 

degradation of native cellulose (see Pig. 3a). 

When a lignocellulosic material is pretreated by 

hydrothermolysis, compounds such as coniferyl alcohol, 

eyringaldehyde, 4-hydroxybeneoic acid, vanillin etc. 

vill appear in the hydrolysate (31 ) . In part, they will 
remain adsorbed on the moiat cellulose residue, so that 

their inhibitory capabilities are of interest 88 well. 

4-Hydroxybenzoic acid and vanillin vere chosen to 

represent this class of compounds. When added in 

concentrations typical for the pretreatment hydro- 

lgsates (e.g. 0.03 mg/ml 4-hydroxybenzoic acid, 0.005 

m g / m l  vanillin), they d i d  not interfere with the 
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2 70 HORHEYER tT A t .  

804 % yiold 

9/0 yield 

c ,,P---&a 

- 0 

timo 
I 1 

0 20 40 60 80 h 

---a 

timo 

804 % yield 

time 

FIG. 3: Inhibition of enzymatic degradation of native 
cellulose. Full lines: 10 ng/ml, broken lines: 
5 mg/ml of a) glucose, b )  4-hydroxybenzoic 
acid, c) vanillin and d) farfural, reapective- 
ly. For uninhibited hydrolysis see Fig. 2. 
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P(ZYl4ATIC SACCIIARIFICATION OF CELLULOSIC UTERIALS 279 

cellulase reaction. Significant inhibition, as shovn in 

Figs. 3b and 3c, only comes about if they are present 

in higher concentrations (> 1  mglnl). Similar results 

were obtained for furfural, vhich is formed from the 

hemicellulose fraction during hydrothermolysis (see 

Fig. 3d). 

Hydrolysis of Pretreated Composite Substrates 

The influence of pretreatment temperature on the 

enzymatic hydrolysis yield makes itself felt etrongly 

in the saccharification of straw; in fact, a ten 

degrees' rise can express itself in a yield 113 higher 

(see Fig. 4a). Also at 790 OC, an organosolv treatment 

(I¶eOH/H20 1:l v/v) was compared with a two-step 

(organoaolv-hydrothermol~a~a) procedure. The result is 

shown in Fig. 4b: an additional hydrothermolysis step 

can increase the organosolv eaccharification yield by 

approx. 115. 

Fig. 5 gives the hydrolysis curves obtained for 

poplar wood after different k i n d s  of pretreatment at 

approx. 210 OC. It appears that hydrothermolpsis at 

this temperature has an effect similar to the MeOH/H20 

option if SO$ MeOH is used. In both caaes, 

saccharification yields fail to reach the SO$ mark. 

Thls contrasts with the results of a run with 50$ 

aqueous I%OH at 213 OC, vhich renders the cellulose 
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280 HORWEYER JlT AL. 

C 

time 

FIG. 4:. Enzymatic degradation of straw (water in- 
soluble riber yie lds  are given In parenthesea) 

----after hydrothermolysia ---after MeOB/H 0 - f : ?  
at 189* OC (52s) 

-aiter hydrothernolysis hydrothermolysia, both 
at 18022 OC (58s) at l9122 OC (54s) 

treatment fofloved by 

- - 0 -  untreated -after MeOH/H20 - 1 : 1 
treatment at ?90?2 OC 
(62 $1 

0 20 l o 6 0  l o  h 

FIG. 5: Enzymatic degradation of poplar vood (water 
are given I n  parentheses) 

treatment at 21322 OC 
-.--.-after treatment at 2092 OC ---- after at 207-2 OC (53$) .. - 0  e.9 untreated 
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EWZYHATIC SACCHARIFICATION OF CELLULOSIC MTERIALS 281 

about hiice a8 accessible to the enzyme, 80 that 80-85s 

aaccharlfication comes about after 3 1 /2  days of hydro- 

lyaia. 
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