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Abstract: The effects of temperature (25-40°C), H,SO, concentration (31-70% 
(w/v)) and the acid/substrate relationship (1-5 cm3 of H,SO, per g-'  of 
cellulose) on the solubilization rate of microcrystalline cellulose and on the 
glucose production rate have been analysed. The solubilization process was by 
determining reducing groups present in solution. For acid/substrate relationships 
of more than 1 cm3 g-' and H,SO, concentrations of greater than 62% (w/v), 
the acid promoted the total solubilization of the cellulose in the form of chains 
with a low degree of polymerization within 4 h. The solubilization demonstrated 
zero-order kinetics in which the specific rate and time of total solubilization are a 
function of the variables in operation. Glucose was produced according to a 
mechanism of two consecutive first-order pseudo-homogeneous reactions. The 
values of the kinetic constants k ,  and k,  have been correlated with temperature, 
the H,SO, concentration and the acid/substrate relationship. 
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1 INTRODUCTION 

Enzymatic hydrolysis of cellulose contained in the lig- 
nocellulose residues takes place at a low rate and offers 
a meagre yield due to lignin, which represents a physical 
barrier in terms of its crystalline structure and the small 
area of substrate-enzyme contact. The pretreatments of 
the residues to eliminate this difficulty can be physical 
or chemical; the latter, more effective, involves of two 
types: acids and bases. 

The pretreatments with dilute acids (usually HCl and 
H,SO,) at low temperatures alter the crystalline struc- 
ture, making the substrate spongy (swelling effect) by 
facilitating the penetration of water molecules into the 
cellulose crystals, thereby expanding the specific surface 
area. Nevertheless, with expansion the acid concentra- 
tion provokes firstly the individualization of the cellu- 
lose molecules, and secondly a breaking up of these 
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molecules, rendering products with a low degree of 
polymerization. This acid hydrolysis leads to the solu- 
bilization of the substrate and the formation of glucose 
as the end product.'-3 Thus, the acid pretreatments of 
cellulose can serve a dual aim: as preparation for enzy- 
matic hydrolysis and as hydrolytic treatments to 
produce fermentable sugars. 

The pretreatments with concentrated H,S04 ( x  70% 
(w/v)), at room temperature, solubilize the cellulose by 
breaking the hydrogen bonds between molecules; this 
cellulose can reprecipitate by adding water or methanol 
to the solution, thereby producing an amorphous cellu- 
lose with a large specific surface area. However, the 
rupture of the 8-(1,4) bonds can also give rise to the 
formation of sugars of low polymerization which do not 
precipitate but perhaps would in large part be usable 
later in fermentati~n.'.~ 

Acid hydrolysis of cellulose occurs at a faster rate and 
the acids used are cheaper than the enzymes; however, 
enzymatic hydrolysis is a cleaner and more selective 
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process that takes place at moderate pressures and tem- 
peratures. Most authors report using acid hydrolysis 
with dilute acids and high temperatures, conditions 
which raise the cost of the equipment, increase the cor- 
rosion and, given that the process is not highly selective, 
the products can be difficult to ferment.4-6 

31% to 70% (w/v) (31-0, 45.0, 58.5, 62.0 and 70.0%); 
and the acid/substrate relationships (D/S)  were 1.0, 1.5, 
2.0,3.0,4-0 and 5.0 cm3 of acid per g-' of substrate. 

3 RESULTS AND DISCUSSION 

3.1 Cellulose solubilization 
2 MATERIALS AND METHODS 

In all the experiments, a flask containing 1 g of micro- 
crystalline cellulose Merck 2330 (Avicel) in 100 cm3 pre- 
cipitate vessel was placed in a thermostatic bath at a 
desired temperature. Simultaneously, a volume of 
H2S04 was adjusted to the concentration desired. 
When the two substances reached working temperature, 
a given volume of H,SO, was mixed vigorously with 
the cellulose, and the mixture was kept under ther- 
mostatic control for the treatment time desired. In all 
cases, the reaction was stopped by neutralizing the acid 
with a solution of 1-3 mol dm-3 NaOH. The resulting 
suspension at a known volume was vigorously stirred 
for 15 min and the concentrations of the reducing 
sugars, AR were determined (expressed as glucose 
equivalents), using the DNS method of Miller,7 as was 
the glucose, using the glucose-oxidase method of 
Werner et a1.' 

The temperatures investigated were 25, 30, 35 and 
40°C; the H2S04 concentrations (C,) were varied from 

Figures 1, 2 and 3 present the yield of soluble reducing 
sugars against hydrolysis time. In most of these curves, 
two periods are clearly differentiated: the first 
(dissolution phase), in which the production rate of the 
reducing sugars is constant and appears not to depend 
on the quantity of undissolved substrate; a second 
phase (stabilization phase), in which the velocity abrupt- 
ly decreases, becomes nil, and in some cases slightly 
negative (Figs 1 and 2), due to the possible degradation 
reactions of the solubilized sugars. It was experimen- 
tally verified that the total dissolution of the cellulose 
by conversion to reducing sugars practically coincided 
with the end of the dissolution phase. However, in the 
experiments corresponding to a D / S  relationship of 
1 cm3 g-' (Fig. 3) and for acid concentrations of less 
than 62% (Fig. 2), it was confirmed that only a small 
fraction of the initial cellulose was solubilized (between 
8% and 15% at 20 h). 

These results indicate that at any temperature, for 
C ,  d 62%, the H,SO, served fundamentally as a swell- 
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Fig. 1. Influence of temperature on the cellulose-dissolution rate (H,SO, at 70% and D / S  = 3 cm3 g-'). 
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Fig. 2. Influence of H,SO, concentration on the cellulose-dissolution rate (T  = 40°C and D / S  = 3 cm3 g-'). 

ing agent, given that no appreciable cellulose solu- 
bilization was observed; this fact became evident during 
the experimentation and was confirmed by comparing 
the yields obtained for reducing sugars at the different 

The scant solubilization obtained for 1 cm3 g-' (Fig. 
3) appears to be due to the slowness of the heter- 
ogeneous acid-substrate reaction, since the liquid phase 
in our experimental system was not adequate to thor- 

acid concentrations tested (Fig. 2). 

i" 
oughly soak the cellulose. 
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Fig. 3. Influence of the acid/substrate relationship on the cellulose-dissolution rate (T = 25°C and CA = 70%). 
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The results in the experiments in which total cellulose 
solubilization was achieved (C, 2 62% and D/ 
S 2 1.5 cm3 g-') were fitted to a zero-order kinetic 
equation: 

-- - k  O < t < t d  dAR 
dt 

where AR is in mg of reducing sugar per gram of initial 
cellulose; which, integrated, gives: 

Table 1 shows the values obtained for the specific dis- 
solution rate, k, under the different experimental condi- 
tions. This parameter was correlated with temperature 
(T), the acid concentration (C,) and the acid/substrate 
relationship (DIS), using the expression : 

- 113.6 
k = 6.73 x 10-4(D/S)C:3'41 

where DIS is expressed in cm3 g-I, CA in YO, the appar- 
ent activation energy in kJ mol-' and k in mg of 
reducing sugars (such as glucose equivalent) per gram of 
initial cellulose and duration of reaction ion hours. In 
all cases, the deviations between the k values that best 
reproduced the experimental data and the calculations 
with eqn (3) were less than & 10%. In addition, we also 
estimated the times necessary for total dissolution of the 
cellulose, t,, for CA 2 62% and D/S 2 1.5 cm3 g-'. 
These times are recorded in Table 1 and correlated with 
the experimental variables by the expression: 

td = 5.35 x 10-12(1 - 0.125(D/S))C,2'6 exp - (E) 
(4) 

This expression gives the minimum time required to 
solubilize a given quantity of substrate and these values 

TABLE 1 
Influence of the Operation Values on the Specific Cellulose- 

Dissolution Rate (k) and Total Dissolution Time ( t d )  

are useful in fixing the experimental conditions that 
minimize the degradation of the reducing sugars by the 
action of the acid, since this activity increases with 
contact time. 

The empirical character of eqns (3) and (4) make their 
use appropriate only within the limits of temperature, 
acid concentration and D/S  relationship used in their 
deduction. Thus, for example, it was confirmed that 
treatment with H,SO, (75% (w/v)) gave a higher hydro- 
lysis rate, but at the expense of high mineralization of 
the substrate. Equations (3) and (4) proved useful for 
optimizing the T, CA and D/S values to minimize the 
cost of pretreatment. 

3.2 Glucose-production kinetics 

Figures 4, 5 and 6 indicate, respectively, the influences 
of temperature, acid concentration and the acid/ 
substrate relationship on the glucose yields. Figure 4 
indicates that increased temperature boosts the rate of 
glucose production and degradation; a similar effect 
appears in Fig. 5 on varying the acid concentration. In 
Fig. 6, the presence of degradation products is not 
obvious, due possibly to the low temperature used 
(25°C). Comparisons between the glucose yields 
obtained with H2S04 at 58.5% (w/v) and 62% (w/v) 
(8.2% and 21.3%, respectively at 20 h, Fig. 5) indicate 
against that for CA 2 62%, the acid behaves fundamen- 
tally as a hydrolytic agent, whereas for C, < 58.8, the 
acid performs more as a swelling agent. 

In addition, it is important to emphasize that under 
the conditions used in the present work (low tem- 
peratures and high acid concentrations), glucose yields 
resembled those obtained by other workers using high 
temperatures (over 200°C) and low acid concentrations 
(around l%).49699910 The yields of these other processes 
ranged from about 35%, whereas the present work 
yielded 32% of glucose, in addition to soluble sacchar- 
ides which, in principle, are easily hydrolysed by cellu- 
lases and ~-1,4-glucosidase. 

To reproduce the results obtained during the acid 
hydrolysis (for D/S 2 1.5 cm3 g-' and CA 2 62%), a 
model of two consecutive first-order pseudohomoge- 
neous reactions was used : 

T c* DIS k [d 

("C) ( O h )  (cm3 g-') (mg g - '  h - ' )  (4 cellulose + glucose + degradation products ( 5 )  

25 
30 
35 
40 
40 
40 
25 
25 
25 
25 

70 
70 
70 
70 
65 
62 
70 
70 
70 
70 

3.0 
3.0 
3 -0 
3 -0 
3.0 
3 .O 
1 *5 
2.0 
4.0 
5.0 

142.5 
305.8 
641.9 

1278.7 
422.0 
255.8 
62.6 
98.7 

163.7 
215.1 

3.0 
1.5 
1 .o 
0.5 
1 *o 
1 .o 

4.0 
2.6 
2.0 

- 

In accordance with eqn (9, the glucose-production rate 
is 

dG 
dt 
-= k1C - k,C 

which, integrated, leads to 
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Fig. 4. Influence of temperature on the conversion of the cellulose to glucose (H,SO, at 70%, D / S  = 3 cm3 g- '). 

The values of the kinetic constants k, and k, were 
obtained by the simplex method, and the values are pre- 
sented in Table 2. In all cases, it was verified that, by 
these values, 95% of the experimental results are repro- 

ducible with deviations of less than +lo%. Neverthe- 
less, the deviations obtained for the initial periods 
( t  c 0.5 h) were higher. This fact appears to indicate 
that the hypothesis of consecutive pseudohomogeneous 
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Fig. 5. Influence of the H,SO, concentration on the conversion of cellulose to glucose (T = 40°C and D / S  = 3 cm3 g-I). 
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Fig. 6. Influence of the DIS relationship on the cellulose to glucose conversion (T  = 25°C and H,SO, at 70%). 

reactions is not valid under these circumstances in 
which the controlling phenomena may be the external 
diffusion of the acid and the solubilization of the sugars 
of D P  > 2. 

The values of k ,  and k ,  were correlated with the 
operation variables by the expressions: 

k ,  = 4.91 x 108(D/S)Cf;'o exp( - 127.2/RT) 

k, = 1.33 x 1025(D/S)Cz77 exp( - 166-9/RT) 
(8) 

(9) 

The use of these expressions adequately reproduces 
the experimental values of k ,  and k, (in 95% of the 
cases the deviations were less than *lo%), but it 
should be taken into account that application is 

TABLE 2 
Experimental Values of the Kinetic Constants k ,  and k,  

T c* DIS k ,  x lo3  k ,  x lo3 
("C) (Yo) (cm3 g - 1 )  (h -?  (h -  l )  

25 70 
30 70 
35 70 
40 70 
40 65 
40 62 
25 70 
25 70 
25 70 
25 70 

3 
3 
3 
3 
3 
3 
1.5 
2 
4 
5 

8.0 
20.3 
50.0 
91.3 
74.0 
42.5 
4.0 
5.4 

11.1 
14.1 

5-6 
18.8 
65.0 

134.1 
127.0 
122.0 

2.8 
3-8 
7.5 
9.4 
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restricted to the intervals of temperature, C, and D/S 
investigated. 

The values of the activation energies show that 
increased temperature would favour more the degrada- 
tion rate than glucose formation, the opposite of the 
situation with dilute acids at high  temperature^.^*^^^-" 
Also notable is the great influence of the acid concentra- 
tion on the glucose-formation rate. 

4 CONCLUSION 

Cellulose hydrolysis with concentrated H,SO, at room 
temperature gave total solubilization of the cellulose 
and appreciable glucose yields. This process may be 
useful as a pretreatment for a subsequent enzymatic 
hydrolysis. Therefore, the attainment of hydrolysed pro- 
ducts from glucose and other saccharides of D P  < 6, 
free of degradation products and with a low salt 
content, at reasonable economic cost, implies the opti- 
mization of C, and D/S. 
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