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ABSTRACT 

Formic acid pretreatment on Pinus radiata D. Don was studied in 
order to improve the cellulose hydrolysis by commercial cellulase. 
The formic acid treatment effectively removed the lignin. A low sub- 
stitution (formylation) and a crystallinity decrease of the cellulose in 
the pulp were observed. As consequence of these parameter changes, 
owing to the formic acid pretreatment on sawdust, a higher sacchari- 
fication value was observed. The degree of saccharification increased 
when the degree of substitution (measured by titration) decreased 
and the portion of amorphous cellulose (measured via an X-ray tech- 
nique) increased. Trichoderma reesei cellulase hydrolyzed the untreated 
and pretreated Pinus sawdust with formic acid in 25% and 56% of 
saccharification, respectively. 

Index Entries: Organosolv pulping; enzymatic hydrolysis; formic 
acid delignification; Pinus radiata. 
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INTRODUCTION 

The world's chemical pulp is produced predominantly by the Kraft 
process and only a small part of its predecessor, the sulfite process. Recent 
improvement of the Kraft process (anthraquinone addition and extended 
cooking), although significant, do not solve any of the known basic prob- 
lems related to the pollution problems (1). One possibility for overcoming 
existing problems is the use of an organic solvent instead of reacting in- 
organic chemical for the extraction of lignin from the lignoceUulosic raw 
materials. The great conceptual advantage of using an organic solvent for 
lignin removal is that such a process offers the possibility for a more effi- 
cient utilization of the lignoceUulosic feedstock (2). 

Recently, we have developed a delignification procedure with formic 
acid (3) for use with Pinus radiata sawdust. This treatment was initially 
proposed by two German (4,5) and Canadian researchers (6), but for 
other types of wood. In 1983 the formic acid method was indicated as a 
convenient and economically feasible method for wood pulping, but no de- 
tailed technical description was published at that time (7,8). Now, we have 
established the conditions for delignification by formic acid treatment (9). 

Very few studies on saccharification of P. radiata wood have been car- 
ried out. Among these are some pretreatments of the saccharification of 
P. radiata sawdust. Sodium hydroxide, milling and peracetic pretreatments 
gave a 16, 8, and 38% of total sugar, respectively (the untreated control 
with cellulase from Aspergillus niger (Sigma), 2.5 FPU/g sustrato was 6% 
in 30 h) (10). A value of 2.5% of saccharification after explosion pretreat- 
ment of P. radiata was obtained (in 48 h using Onosuka 3S ceUulase) (11). 
In contrast, 33.6-52.6% of enzyme digestion of pulp was gained after ex- 
plosion cooking with sulfur dioxide prior treatment of P. radiata wood- 
chips (11). Optimization of this latter procedure yielded 82% of digestibil- 
ity (12). However, in similar studies with Novozym 188, ceUulase (13), and 
Trichoderma reesei C-30 ceUulase (14), the saccharification values obtained 
in autohydrolysis-exploded P. radiata wood were lower. 

Having in mind our previous results (15-17) in the delignification of 
pine sawdust and chips, in which the lignin was effectively removed after 
mild conditions (90 ~ atmospheric pressure and low catalyst concentra- 
tion) by treatment with concentrated formic acid in presence of HC1 as 
catalyst, we have applied the formic acid pretreatment in the enzymatic 
hydrolysis of P. radiata sawdust by using cellulase complexes from A. 
niger and T. reesei. 

MATERIALS AND METHODS 

Pinus radiata D. Don sawdust was pretreated with formic acid as pre- 
viously described (3). Commercial cellulases derived from Trichoderma 
reesei (Sigma Chem. Co. FPA=0.37 U/mg protein) and from Aspergillus 
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Fig. 1. X-ray difractogram. Control corresponds to crystalline cellulose, 
and the curves 1, 2, 3, 4 correspond to formic acid-pretreated sawdust using dif- 
ferent catalyst concentrations: 0.5, 0.25, 0.125, and 0.0625 %, respectively. 

niger (practical grade Type I, Sigma, FPA = 0.04 U/mg protein) and T. reesei 
Maxazyme CLH from Gist-Brochades, FPA= 0.32 U/mg protein). Degree 
of substitution (formylated) was determined according to the standard 
back-titration method (18). 

The Debye-Scherrer diagrams were obtained on an X-ray Phillips In- 
struments PW 1140 Model (19). Crystalline index (CI) is defined as follows: 
CI = {(I1-I2)/I2} x 100, where I1 is intensity of difractogram at 20=22.8 ~ 
and I2 is the intensity of difractogram at 2e--18o (Fig. 1). The proportion 
of amorphous substrate was determined as 100-CI (20). Cellulase activity 
was determined using the filter-paper reducing sugar test as described pre- 
viously (21,22). Total reducing sugar were estimated using dinitrosalicyclic 
acid reagent (23). Cellulose content was measured by the method of Upde- 
graft (24), and the Klason lignin by the standard method (25). 

RESULTS AND DISCUSSION 

One of the factors in the delignification process in formic acid solva- 
tion pulping considered was sawdust (g)/solvent (mL) ratio. The relative 
saccharification, the cellulose and Klason lignin contents, and the substi- 
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Table 1 
Effect of Charge Ratio (g sawdustlmL Solvent) 

on Pretreatment of Sawdust and its Saccharification a 

Charge b 1/10 1/15 1/20 1/30 
mg Sugar/mg substrateC• 102 5.5 6.4 6.2 5.3 
Relative Saccharification c 1.0 1.2 1.2 1.0 
Cellulose Content (pulp) (%) 71 67 70 70 
Klason Lignin (pulp) (%) 24 26 24 23 
Hemicellulose (pulp) (%)d 5 7 6 7 
Degree of Substitution 0.54 0.37 0.44 0.48 

a Solvent: Formic acid-water-HCl(0.3%) (80:20:1, v/v) at 50~ 2 h of extraction. 
b Substrate concentration of 20 g/L. 
c2.1 mg of A. niger cellulase at 50~ pH 4.8, 0.05M citrate buffer at 2 h of incubation. 
dby difference. 

Table 2 
Effect of Substrate Concentration on the Extent 

of Conversion of Cellulose to Glucose at 1 H from A. Niger Cellulase a 

Substrate mg Sugar/ 
Activity Conc. mg substrate b Saccharification c,d 
FPU/mg sawdust g/L x 102 % 

0.084 25 6.2 8.9 
0.087 20 6.4 9.1 
0.080 15 6.9 9.9 

aConditions at Table 1 at substrate/solvent charge of 1/15. 
b70% of Cellulose. 
C[mg Sugar/rag substrate]/[mg of total carbohydrate/mg of substrate] • 100. 
dmg of Total carbohydrate/mg of substrate for the sample was 0.7. 

tut ion degree related to the charge ratio, are shown  in Table 1. No great  
difference on cellulose, Klason lignin, and hemicellulose content  was  
observed in these pretreatments .  The degree of substitution (formilation) 
changes  slowly with  the charge ratio, being 0.54 and 0.48 for the charges  
1/10 and  1/30, respectively. Not  great difference on the yields of the sac- 
charification with  the different substrates was observed, being a little 
more  susceptible to saccharification the substrate obtained by us ing  a 
ratio of 1/15, in which  it is observed the lowest DS value. Presumably,  the  
formylat ion value is an important  fact in the saccharification of pre t rea ted 
sawdust .  

The effect of substrate concentrat ion on saccharification was investi- 
gated wi th  formic acid pre t rea tment  of the P. radiata sawdus t  wi th  A. 
niger cellulase at 0.08 FPU/mL. The results for 1-h digest are s h o w n  in 
Table 2. The extent of conversion of cellulose into glucose slightly in- 
creases as the substrate concentrat ion decreases. 
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Table 3 
Effect of Enzyme-Substrate Ratio on the Saccharification 

of Formic Acid Treatment on Pinus Radiata Sawdust a 
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mg Sugar/mg Substrate Saccharification a 
FPU/mL FPU/g Substrate x 102 % 

A. niger b 
0.04 3.0 4.1 5.8 
0.09 6.0 4.1 5.8 
0.14 9.0 5.2 7.5 

T. reesei c 
0.36 24.0 6.5 9.3 
0.80 53.0 10.1 14.4 
1.40 93.0 14.2 20.3 

aConditions as Table 1, except that substrate concentration was 15 g/L. 
bInicial activity of A niger is 0.04 FPU/mg of solid. 
CInicial activity of T. reesei is 0.37 FPU/mg of solid, untreated control at 2 h, 30 h, and 

60 h were 5.2, 9.2, and 25%, respectively. 
dmg of Total carbohydrate/mg of substrate for the sample was 0.7. 

The effect of ceUulase (T. reesei and A. niger) concentration on the sac- 
charification of sawdust from P. radiata at a substrate concentration of 15 
g/L is shown in Table 3. Increasing cellulase concentration resulted in an 
increase in amount of total reducing sugar produced. An enzyme to sub- 
strate ratio of 9 FPU/g of sawdust gave 8% of saccharification after 60 h of 
hydrolysis for A. niger. However, increasing 2.6-fold the FPU/g substrate 
in T. reesei, only 9% of saccharification was reached. This is in agreement 
with the fact that cellulases that are synthesized by T. reesei are more 
active, comparatively with those characteristic of A. niger, and that the 
enzyme complex obtained from the latter contains a greater quantity of 
beta-glucosidase breaking down cellobiose and higher oligosaccharides to 
glucose (26). 

The effect of temperature on the delignification process on saccharifi- 
cation is shown in Table 4. The substrate treated at 90 ~ with formic acid 
was more susceptible to enzymatic saccharification. Higher amounts of 
FPU of T. reesei gave higher saccharification values. Increasing the A. 
niger FPU units yielded markedly decreased saccharification. This is in 
agreement with the results obtained in Table 3. 

At this stage, we have set up the best conditions of the enzymatic sac- 
charification and temperature of the organosolv treatment (90~ in 
which a high saccharification was afforded. Since a high Klason lignin 
(24%) in 80:20:1 solvent ratio of the sawdust treatment was detected in 
the residual solid materials, we decided to study different conditions of 
delignification in order to select a lignin pretreatment method to gain an 
optimal substrate for the enzymatic hydrolysis. 
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Table 4 
Temperature Organosolv Cooking and Its Effect on Saccharification 

of Pinus Radiata D. Don Sawdust at Different A. Niger/T. Reesei Cellulase Ratio ~ 

Temperature (~ of mg Sugar/mg Substrate Saccharification 
Organosolv Procedure x 102 % 

A. niger/T, reesei (0.09) 
50 12.2 17.2 
70 11.4 16.3 
90 15.8 22.6 

A. niger/T, reesei (0.13) 
50 6.6 9.4 
70 6.4 9.1 
90 6.4 9.1 

eat the same conditions on Table 1. 

Table 5 
Effect of Catalyst on the Pinus Radiata 

D. Don Sawdust After Formic Acid Treatment ~ 

Residual Solid Klason Lignin, % Cellulose, % 
Conditions b Yield, % (in the residual solid) 

100:1 51 14 80 
100:0.250 61 17 81 
100:0.125 61 10 88 
100:0.0625 65 8 91 
90:10:1 67 21 73 
80:20:1 75 24 75 

aOriginal wood: 51.3% cellulose, 29.7% Klason lignin, 15.7% hemicellulose. 
bFormic acid-H20-HC1 (v/v), Sawdust/solvent charge 1/30 at 90~ for 10 min. 

Results wi th  different delignification condit ions are showed  in Table 
5. Greater  cellulose content  and lower lignin content  were  obtained wi th  
100:0.0625 charge ratio (formic acid:catalyst ratio), giving only a 8% of 
Klason lignin and 91% of cellulose on the residual solid material. Then,  
using pure  formic acid instead of a formic acid-water mixture, bet ter  
results were  obtained in terms of recovery of the wood  components .  

Susceptibility to enzymatic degradat ion on the different source of 
cellulase was per formed on the optimal substrate samples.  Table 6 shows  
the effect of different amounts  of cellulase of A. niger and T. reesei. 

Again, T. reesei cellulase was more efficient in terms of reactivity and  
quality of the ceUulase content  than A. niger. With fourfold increase in the  
concentrat ion wi th  A. niger cellulase, only a small increase in the sacchari- 
fication value was  reached.  However ,  in the case of T. reesei, the  same  
increase of enzyme  enhanced  the saccharification by almost fourfold. 
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Table 6 
Different Cellulase Sources on Pinus Radiata 

D. Don Sawdust Previously Treated with Formic Acid a,b 
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mg Sugar/ 
Cellulase mg Substrate Saccharification c 
Source FPU/mL x 102 % 

A. niger 0.04 5.0 5.5 
A. niger 0.16 5.6 5.9 
T. reesei 0.40 8.0 9.0 
T. reesei 1.50 28.0 31.0 

a100:0.0625 Formic acid-catalyst ratio at 25 g/L of substrate and at 90~ for 1 h. 
bAs in Table 1. 
Cmg of Total carbohydrate/mg substrate was 0.91. 

Thus, among all the treatments performed with different catalyst con- 
centrations, 100:0.0625 was the most efficient delignification condition for 
the saccharification with T. reesei and A. Niger. We have tested a different 
cellulase, Maxazyme (FPU of 0.32 by mg protein) in a high FPU by milli- 
liter of solution and compared with 100:0.250 conditions in which a differ- 
ent DS and an amorphous magnitude by X-rays were observed. Table 7 
shows the effect of formic acid pretreatment of sawdust on structural 
features and saccharification value for 60 h. 

In these conditions, a high value of saccharification in the 100:0.0625 
formic acid catalyst ratio, as compared with 100:0.250 ratio, was obtained. 
This is in agreement with the fact that the residual solid material obtained 
had lower lignin content and high cellulose in the final residue. Also in 
this table, we can see that T. reesei cellulase is a better enzyme for pre- 
treated sawdust for saccharification. 

The relationship between saccharification rate and the set of structural 
features shows that a decrease in the crystallinity and lignin content 
enhances the saccharification value. Probably the high formylation value 
decreases the surface area of the substrate, thereby substantially decreas- 
ing the saccharification value. The specific surface area is the most influ- 
ential structural feature, followed by the lignin content, which is in turn 
followed by the crystallinity of the substrate (19,20). 

In conclusion, we find that the formic acid treatment used to remove 
the lignin and hemiceUulose results in a lignocellulosic material accessible 
to enzymatic hydrolysis reactions. This pretreatment was more efficient 
than the milling and steam explosion methods (40%) previously applied 
to P. radiata wood (13). Only a very drastic pretreatment, such as explo- 
sion-cooking of sulfur dioxide-treated P. radiata wood (12), was more effi- 
cient than the formic acid treatment. However, such a procedure is more 
complicated and time consuming. 

The carbohydrate fraction are now under study in order to obtain 
ethanol and single cell proteins from this pine sawdust. 

Applied Biochemistry and Biotechnology Vol. 3 I, 1991 



280 

0 

o 

. .  

~  

r~ 

.e 
~ e  

~ N  
2 ~  

~-~ 

N ~  

t"M ,e-,i ~-.i ~ 

~ t',l 

�9 ~ ~ 

O~ 

o 

o 

,-4 

N 

0 . 

~ 2  

o U 

Baeza  et al. 

Appl ied  B iochemls t ry  and  Biotechnology  Vol. 31 ,  1 9 9 1  



Organosolv.Pulping 281 

ACKNOWLEDGMENTS 

Support  from Direcci6n de Investigaci6n de la Universidad de Con- 
cepci6n, Chile, FONDECYT (Project 89/659), PNUD/UNESCO Program 
(Project CHI-88/012), and DAAD (FRG) are acknowledged. N. D. acknowl- 
edges FAPESP, FINEP, and CNPq (Brazil). 

REFERENCES 

1. Johansson, A., Aaltonen, O., and Ylinen, P. (1987), Biomass 13, 45-65. 
2. Aziz, S., McDonough, T., Thompson, N., and Doshi, M. R. (1988), TAPPIJ. 

71, 251-254. 
3. Baeza, J., Freer, J., Pedreros, A., Schmidt, E., MansiUa, H., and Dur~in, N. 

(1990), Bol. Soc. Chil. Quire. 35, 331-337. 
4. Freudenberg, K., Janson, A., Knopf, E. and Haag, A. (1936),'Berichte 69B, 

1415-1425. 
5. Staudinger, H. and Dreher, E. (1936), Berichte 69B, 1729-1739. 
6. Wright, G. F. and Hibbert, H. (1937), J. Am. Chem. Soc. 59, 125-130. 
7. Bucholtz, M. and Jordan, R. K. (1983), Pulp and Paper 57, 102-104. 
8. Jordan, R. K. (1982), PCT Int. Appl. WO 8201, 902. 
9. Baeza, J., Freer, J., Pedreros, A., and Belmar, H. (1987), Proc. VI National 

Meeting of Research and Development of Forestry Products, Chile, pp. 
163-174. 

10. Sapag-Hagar, J., Dimitroff, N., and Piffaut, O. (1985), Proc. Symposium of 
Chemistry and National Development Chilean Chem. Soc., July 1985, Con- 
cepci6n, Chile, pp. 132-136. 

11. Mamers, H. and Menz, D. N. J. (1984), APPITA 37, 644-649. 
12. Clark, T. A. and Mackie, K. L. (1987), J. Wood Chem. Technol. 7, 373-403. 
13. Hohlberg, A. I., Aguilera, J. M., Agosin, E., and San Martin, R. (1989), Bio- 

mass 18, 81-93. 
14. Dekker, R. F. H. (1987), Biocatalysis 1, 63-75. 
15. Baeza, J., Freer, J., Palma, G., Pedreros, A., Rodriguez, J., Rojas, N., and 

Durhn, N. (1985), Proc. Symposium of Chemistry and Renewable Resources 
Utilization, Chilean Chem. Soc., July 1985, Concepci6n, Chile, pp. 63-66. 

16. Baeza, J., Freer, J., Pedreros, A., and Durhn, N. (1988), Proc. XVIII Latin 
American Chemical Congress, January 1988, Santiago, Chile, pp. 513, 514. 

17. Dur~Ln, N., Ferraz, A., Freer, J., Pedreros, A., and Baeza, J. (1988), FENABIO- 
88, First National Conference of Biotechnology, April 1988, R. J. Brazil. 

18. Fujimoto, T., Takahashi, S.-I., Tsuji, M., Miyamoto, T., and Inagaki, H. 
(1986), J. Polym. Sci. Part C, Polym. Lett. 24, 495-501. 

19. Gharpuray, M. M., Lee, Y. H., and Fan, L. T. (1983), Biotechnol. Bioeng. 25, 
157-172. 
Grethlein, H. E. (1985), Bio/Technology, Feb. pp. 155-160. 
Mandels, M., Andreotti, R., and Roche, C. (1976), Biotechnol. Bioeng. Symp. 
6, 21-33. 

20. 
21. 

Applied Biochemistry and Biotechnology VoL 3 I, 1991 



282 Baeza  et ed. 

22. Commission on Biotechnology, IUPAC (1987), Pure & Appl. Chem. 59, 
245-256. 

23. Miller, G. L. (1959), Anal. Chem. 31, 426-428. 
24. Updegraff, D. M. (1969), Anal. Biochem. 32, 420-424. 
25. TAPPI Standard T-~?? OM-88. Acid-Insoluble Lignin in Wood and Pulp 

1988. 
26. Simionescu, C. I., Popa, V. I., Rusan, V., and Rusan, M. (1985), Cellulose 

Chem. Technol. 19, 525-530. 

Applied Biochemistry and Biotechnology VoL 3 I, 1991 


