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Cellulose derivatives were irradiated by UV light at A > 254 nm and 
A > 300 nm. The degradation of cellulose derivatives was followed by 
fluorescence, viscosimetry, weight loss and thermogravimetry measurements. 
An attempt was made to correlate the changes in degree of polymerization 
and weight of the irradiated materials with the hydrolysis of cellulosic 
materials to glucose by cellulase under different conditions. The crystallinity 
and, probably the specific surface area are the most important parameters 
for the enzymatic hydrolysis of cellulose. These results and the relative quan- 
tum yields showed that h > 300 nm is excellent for the pretreatment of 
cellulose. 

1. Intioduction 

Cellulose is one of the most studied substances in biomass photo- 
chemistry. From as early as 1916 [l] many studies have been published 
which deal mainly with the characterization of the photolysis products in 
cellulose degradation. In general, light brings about a decrease in the degree 
of polymerization and strength of the cellulose and an increase in alkali 
solubility and Cooper number, and is accompanied by yellowing and pro- 
duction of carbonyl and carboxyl groups along the cellulose chain [2, 33. 
Systematic investigations, whose aim was to gain insight into the actual 
mechanism of the photochemical processes involved, were initiated a long 
time ago [ 4,5]. Various factors such as the presence of moisture [6], 
oxygen 1’71 and atmospheric contaminants [S] greatly influence the degra- 
dation to varying degrees. UV light has a significant photochemical effect 
on cellulose degradation. The most commonly used light sources include 
the mercury vapor lamp, the xenon lamp and the carbon arc lamp [2]. 
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The bleaching action of sunlight on wood has been reported [9] and this 
has been explained as resulting from the oxidation of cellulosic materials; 
it was believed that the degradation was a surface effect only [2], catalyzed 
by moisture [lo]. The pronounced effect of short wavelength radiation 
and some indications of the antagonistic action of long wavelength radiation 
have been reported [ 111. It is believed that primary photochemical dissocia- 
tion occurs in cellulose on irradiation with light at I.85 nm regardless of the 
presence or absence of oxygen [ 121, while with light of wavelength 254 nm 
oxygen participation in the photochemical degradation is essential, These 
processes are presumably through activated oxygen species. This view is 
supported by the action of sensitizers in the photo-oxidation of cellulose 
[13,14]; 

Increasing the temperature at which the cellulose is irradiated has been 
shown to have a marked effect [ 161. Using electron paramagnetic resonance 
spectroscopy, Kleinert 1163 demonstrated the generation of free radicals in 
purified wood cellulose irradiated with UV light in air, vacuum, nitrogen 
and oxygen. Phillips et al. 1171 and Hon 1151 have studied radical decay in 
cellulose. More recently, many papers have been published which deal with 
radical detection in irradiated cellulose [6, 7,15,18,19]. 

As we know from previous photochemical studies on cellulose it is 
now well established that the heterogeneous chemical reactions of cellulose 
are controlled largely by the highly ordered molecular packing of its crys- 
talline regions. With current technology, we should be able to devise a 
practical chemical or physical treatment to modify the carbohydrates of 
these biomass materials for a broad range of chemical, microbiological or 
enzymatic conversions. The basic goal of such efforts would be to modify 
the fine structure of cellulose and to disrupt the lignin-cellulose complex. 
While many of these procedures lead only to moderate changes, photo- 
chemical methods are capable of profound structural transformations and 
their application is currently in progress or under investigation [ 20 - 221. 

The effect of light on biomass and its influence in subsequent degrada- 
tion by micro-organisms have been studied since 1947 [ 231. Thus, the 
Pressley index of cotton fibers at 40 “C was reduced by 26% on exposure 
of the fibers to UV light. Exposure of cotton fibers to UV light increases 
their resistance to subsequent attack by Metarrhizicum glutinosum and 
this increase in resistance to attack was not influenced by the oxygen con- 
centration or the humidity. In contrast, some metals catalyzed the degrada- 
tion of cotton cellulose by UV light. Microbial growth by both fungi and 
bacteria was not efficient with recalcitrant polymer down to shorter length 
units or the monomeric building blocks [ 241. Studies of the modification 
of straw [25], of waste cellulosic materials [ 261 or of cellulose derivatives 
[ 271, with a corresponding increase in microbiological response, have been 
published. 

Very recently, the photochemical behavior of lignin from Eucaliptus 
pankuhtu [ 281 or of dioxane-lignin from rice straw (291 has been studied 
in order to assess the modifications which are required for fungi degradation 
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[30], This study was carried out at different wavelengths and fluences in 
order to correlate the wavelength effect with structural modifications and 
the effectiveness of fungi growth. The pre-irradiated lignocellulosic materials 
were used as the only carbon sources of the micro-organism [31]. In order 
to understand the lignin modifications, the role of oxygen radicals and 
carbon-centered radicals in lignocellulosic degradations were studied [ 32, 
331. 

In this paper we report a study of the photochemical pretreatment of 
cellulose and its effect on cellulase action. 

2. Materials and methods 

o-Cellulose, glucose oxidase, o-dianisidine, glucose, horseradish peroxi- 
dase type I and Triton X-100 were obtained from Sigma. Sodium carboxy- 
methyl cellulose was from British Celanese (type F4) and methyl cellulose 
(Methocell MD) was from Dow -Chem. Co. Whatman N. I filter paper was 
used. Citric acid monohydrate was from Merck. Cellulase (Mexazyme CLH) 
was from Gist-Brocades (Holland). 

The irradiation was carried out with a 125 W HQL Osram mercury lamp 
without the glass protection. For irradiation at X > 254 nm no filter was 
used. For irradiation at h > 300 nm chemical filters were used [34]. Filter 
paper and cellulose were irradiated in the solid state. The cellulose deriva- 
tives were irradiated in a 0.5 wt.% aqueous solution. Tests of cellulase 
activity on a 50 mg filter paper were carried out (in triplicate) in 0.5 ml 
(1.5 mg ml-’ cellulase stock solution) and it was incubated in 1 ml citrate 
buffer (pH 4.6) for 1 h at 45 “C. Glucose was estimated (in triplicate) by the 
TGO method [ 351. 

The fluence rate of the irradiation was measured using a Yellow Springs 
Instruments radiometer (model YSI 65 A). Thermogravimetric measure- 
ments were carried out on 1 mg samples at a heating rate of 10 K min-’ 
between 0 and 600 “C using a Perkin-Elmer model DSC-2. Viscosities for 
methyl cellulose were measured at 25.00 f 0.05 “C in an Oswald viscosimeter 
with a drainage over 120 s in order to avoid kinetic energy loss. The pure 
solvent drainage was 275 s and the drainage for cellulosic solutions was 
between 400 and 600 s (for cellulose the temperature was 30.00 f 0.05 “C). 
All the measurements were carried out at least in triplicate. 

The absorption and fluorescence spectra were recorded using a Zeiss 
DMR-21 spectrophotometer and a Perk&i-Elmer MPF-44B spectrofluorom- 
eter respectively. 

For solubilizing the cellulose the method of Zhi-Li et al. [36] was 
slightly modified. Previously distilled dimethyl sulfoxide (DMSO) was 
stirred for 2 days at room temperature over silica gel (Merck type E) which 
had previously been activated for 2 h at 130 “C, and then the DMSO was 
distilled under vacuum and received over molecular sieves (and stored 
in a refrigerator with a CaCl* dryer tube). This purification procedure must 



112 

be repeated after the bottle has been opened three or four times. Before 
starting the reaction all the reagents must be totally dry. The best yield of 
solubilization of cellulose was when cellulose was heated at 120 “C with 
parafonnaldehyde for 20 min. 

3. Results and discussion 

Figure 1 shows the fluorescence changes of filter paper after different 
lengths of irradiation at h > 254 nm. fn order to estimate the behavior of 
cellulose in solution we selected carboxymethyl cellulose and methyl cel- 
lulose, which are soluble in water, for the same group of experiments. The 
inset to Fig. 1 shows that both carboxymethyl cellulose and methyl cel- 
lulose behave similarly to cellulose in the solid state, although the effects 
were observed to be less pronounced in these cases. The fluorescence de- 
crease is probably due to the cleavage of the chromophoric moiety, which 
is believed to be a cellulose-metal complex [ 371, through the formation 
of carbonyl and/or carboxylic groups [S]. From Fig. 1 we are able to ob- 
serve a similarity between cellulose and the soluble cellulose derivatives. 
Thus, in order to understand the behavior of cellulose under irradiation 
conditions, the variation in the intrinsic viscosity 
was studied, 

3.0 6.0 9.0 120 

TIME tmin) 
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520 480 440 400 

Xtnml 

Fig. 1. Fluorescence spectra at Lx, = 280 nm of filter paper after irradiation at x > 254 
nm (fluence rate, 108 kJ m-l): -, 0.0 min; - --, after 16 min; -.-...-, after 30 min; 
-.- after 120 min. (Inset, fluorescence spectra at &= 450 nm (&xc = 280 nm), at 
differ&t times, of filter paper (--O-), carboxymethyl cellulose (0.1 mM) (-A-) and 
methyl cellulose (0.1 mM) (d) given as Ze/Z (relative intensity before irradiation di- 
vided by relative intensity after irradiation).) 
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Figure 2 shows the [q] variation under different conditions. It can be 
observed that the effect on [q] is greater for irradiation in solution than 
in the solid state. This is probably due to the greater migration or higher 
reactivity of the free radicals formed in solution than those in the solid 
state. For comparison, the [q] variation for a-cellulose (as a cellulose- 
paraformaldehyde-DMSO solution) after irradiation was also plotted in 
Fig. 2. During the first 5 min the [q] for cellulose and methyl cellulose 
irradiated in the solid state were observed to decrease. By 14 min [Q] was 
found to increase, except for the cellulose-paraformaldehyde-DMSO 
experiment, in which there was an obvious decrease in [q]. These results 
are indicative of different conformational changes at the different fluences 
r331. 

Another method for measuring the degree of polymerization has 
recently been reported [36]. This consists of the reaction of cellulose with 
paraformaldehyde in the presence of DMSO as the solvent. According to 
Johnson et al. [39] and Zhi-Li et al. [36] the mechanism of dissolution 
of cellulose in paraformaldehyde-DMSO consists in the reaction of the 
hydroxyl group at the 6-position with formaldehyde liberated by the ther- 
mal degradation of paraformaldehyde, producing a formated methyl01 
cellulose which dissolves almost simultaneously in DMSO. The degree DP 
of polymerization of cellulose is related to [q] as shown in eqn. (1) [ 361: 

[q] = 2.78 X 10-2 DP”*sl (I) 

When this slightly modified method was used (see Section 2) with the irra- 
diated cellulose the [Q] value was obtained by extrapolation to an infinite 
dilution of the specific viscosity qsp/C: 

IO 20 30 
TIMElmin) 

Fig. 2. Variation in intrinsic viscosity after different Iengths of irradiation (& > 254 nm): 
--, cellulose in the solid state; -A-, methyl cellulose in the solid state; d, methyl 
cellulose in 0.5 wt.% aqueous solution_ 
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where 

11 
v-v0 rl 1 

c-c-- 
8P 

770 r)o 
(3) 

where TJ is the viscosity of a solution of concentration C and q. is the vis- 
cosity of the pure solvent. 

Figure 3 shows the plot of specific viscosity versus cellulose concentra- 
tion for irradiation at X > 254 mm. The irradiation affects both the slope and 
the iritercept of the curve, the latter indicating the intrinsic viscosity. The 
concentration was observed to have a large influence on the viscosity when 
the sample was irradiated for 30 min. In this case a larger interaction with 
the viscosimeter’s walls was found with a solution of low concentration. 
Figure 4 shows the specific viscosity of the cellulose solution when irradiated 
at A > 300 nm. In this case no effect of the viscosimeter WEI& was observed. 
AU of these results are plotted in Fig. 5, in which it is observed that there 
are two maxima for both wavelengths of irradiation, but with h > 300 nm 
the maxima appear later than with X > 254 nm. In other words, similar 
viscosity changes were produced at both wavelengths, 

There is a linear relationship between the loss of weight of the sam- 
ples during the irradiation and the length of irradiation (Fig. 6). This weight 
loss is due to gas evolution during the irradiation [2]. Irradiation at X > 254 
nm is fourfold more effective than at h > 300 nm. 

I I I I , I 4t 
4 8 12 4 0 12 16 20 

c %I x IO EC] (%)x IO 

Fig. 3. Specific viscosity of cellulose-paraformaldehyde-DMSO after irradiation of the 
cellulose in the solid state at x > 254 nm for 1 min (-O-), 6 min (--C-), 10 min (-A-} 
and 30 min (-*). 

Fig. 4. Specific viscosity of cellulose-parafonnaldehyde-DMSQ after irradiation of the 
cellulose at X > 300 nm for 1 min (U), 6 min (--C), 10 min (-A-), 16 min (-X-J 
and 30 min (-O-). 
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Fii. 5. Change in intrinsic viscosity at different times of irradiation at h > 264 nm (--C) 
and at x > 300 nm (-Q-). 

I 3 5 

TIME(h) 

Fig. 6. Weight loss during the irradiation of cellulose at x > 254 nm (-O-) and at x > 300 
nm (-a-), 

It is essential to know the efficiency of these photochemical processes 
for cost estimation and for analyzing the economic viability of their appli- 
cations. The quantum yield can be calculated by the equation 

1 1 9 -=- + -D, 
p* PO r.2 

(4) 

where PO is the average degree of polymerization before degradation, P, is 
the average degree of polymerization after irradiation, n is the number of 
bonds originally present and Da is the number of photons absorbed by the 
cellulose. 

To a first approximation, P, and PO can be calculated from the intrinsic 
viscosities, and n is considered equal to PO. Thus, we can calculate the @ by 
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TABLE 1 

Relative quantum yield of irradiated cellulose at different fluences 

Time (min) 254 nm 300 nm 

5 1.00 a - 

10 0.08 1.32 
15 0.10 1.33 
30 0.11 0.65 

The quantum yields are relative to that for cellulose at & > 254 nm for 5 min. Fluence 
rates: x > 254 nm, 108 kJ mV2; X > 300 nm, 67 kJ mW2. 
*The quantum yield for cellulose in cadoxen at x > 254 nm was 1.7 X 10m3 (BOX-error) 
[40]; this value is of the same order as that obtained in earlier investigations carried out 
with cellulose in the solid state [ 41 - 43 1. 

measuring the number of photons that are absorbed by the sample. Table 1 
gives the quantum yields relative to that for cellulose irradiated at X > 254 
nm for 5 mm. 

After these parameters were studied we analyzed the efficiency of 
cellulase activity on the photochemically pretreated cellulose. Figure 7 
shows the amount of glucose formed after incubation of pre-irradiated 
cellulose with cellulase. In Fig. 7, at low fluence, a small increase in glucose 
formation was observed at each wavelength. Even though at X > 300 nm 
and X > 320 nm there were some variations, at these longer wavelengths 
an increase in glucose formation was observed. On the contrary, at X > 254 
nm a strong decrease in glucose formation was observed. Presumably, after 
irradiation for long times at this wavelength, the crystalline region dominates 
in the overall structure of the cellulose. The change in intrinsic viscosity 
(or molecular weight) (Fig. 2) does not correlate with the glucose produced 

TIME f min) 

Fig. 7. Glucose production by cellulase (see Section 2) after pretreatment of cellulose by 
irradiation at x > 264 nm (d-), at x > 300 nm t--O-) and at x > 320 nm (-a-) (error, 
about 2% - 5%). 
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by the cellulase (see Fig. 7) or the total weight loss (Fig. 6) either at h > 
254 nm or X > 300 run. This indicates that the degree of polymerization 
is not very important for cell&se activity in pre-irradiated cellulose. Again, 
as was shown for chemical pretreatment [44], the crystallinity and specific 
surface area are important parameters for cellulase action. Preliminary 
results have shown that the cellulose paracrystallinity index is markedly 
different after irradiation, and this correlates well with the glucose forma- 
tion (not shown). 

A property that is, in part, related to the crystallinity of cellulose is 
its thermogravimetric behavior [ 45,461. 

Figure 8 is an example of the thermal behavior of filter paper under 
different conditions of irradiation. In this study the unirradiated filter 
paper possessed the lowest humidity (3%), which corresponds exactly 
to the water concentration at which cellulose is most crystalline and at 
which minor amounts of free radicals are produced in irradiated cellu- 
lose [6]. 

Cellulose irradiated for 5 min at h > 300 nm starts to decompose 
at the same temperature as the u&radiated sample, but the final degrada- 
tion is at a lower temperature than the control. In other words, the slopes 
Am/AT were different for the two cases, indicating different activation 
energies for the stepwise propagation of cellulose pyrolysis. A similar effect 
was observed at X > 320 nm. The activation energies of these processes 
are related to the degree of crystallinity of the cellulose 147 - 491. An 
attempt to correlate this variation at X > 300 nm and at X > 320 nm is 
presented in Fig. 9, which shows the variation in weight (in per cent) at 
initial decomposition minus weight (in per cent) at the final stage at dif- 
ferent wavelengths and different times of irradiation. Surprisingly, a good 
correlation was found with glucose production by enzymatic hydrolysis 
(Fig. 7). This is further proof that crystallinity and probably the specific 

300 400 500 

TEMPERATURE (“Cl 

Fig. 8. Thermogravimetric analysis of unirradiated cellulose (-+) and cellulose irradi- 
ated at x > 300 nm (--A-) and at h > 320 nm (-s) for 5 min (error, about 2%). 
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TIME (min) 
Fig. 9. Attempt to correlate the weight loss 
(-[I-). Also shown is the glucose formation 
A > 320 nm (-C). 

at X >300 nm (-A-) and at h > 320 nm 
by cellulase at h > 300 nm (-A-) and at 

surface area are important in the enzymatic hydrolysis of cellulose by 
cellulase. 

These results and the quantum yields (Table 1) for photolytic scission 
of Cl-C2 bonds of the polymer show that X > 300 nm is an excellent 
wavelength for pretreatment of cellulose for enzymatic hydrolysis, as is 
shown in Fig. 7. 

As we are interested in the production of glucose by cellulase actii 
on cellulose and also in the efficiency of the photochemical pretreatment, 
we have defined a quantum yield of hydrolysis as 

tin = 
Number of moles of glucose formed 

Number of photons absorbed by cellulose 

$n was calculated for 30 min irradiation, and this relative quantum yield 
of cellulose hydroIysis by cellulase is 3.5fold better after photochemical 
pretreatment at X > 300 nm than at X > 254 nm (Table 2). 

TABLE 2 
Relative quantum yield of cellulose hydrolysis on photochemical pretreatment by cellu- 
1aSe 

Wavelength x > 254 nm X > 300 nm 

Quantum yield 1.00 3.5 

After 30 min irradiation (hence rates. as in Table 1). 

In summary, we have reported an efficient method to pretreat cellu- 
lose for enzymatic hydrolysis, without the problems associated with chem- 
icals (impurities) or other physical pretreatments (high temperatures and 



pressures) in cellulosic materials. The effect of the sensitizer on cellulosic 
materials is currently under study, in order to improve the quantum yield 
of the production of glucose by the photochemical pretreatment. 
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