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Introduction
The origin of the organized kinetic study of cellulose hydrolysis dates back to that of Saeman. This model describes the dilute acid hydrolysis as two pseudo-homogeneous consecutive first order reactions. Hydrolysis of glycosidic bonds of soluble reactants in homogeneous phase has indeed been verified to follow first-order reaction. This simple kinetic model was established on the basis of data obtained under a limited range of reaction conditions, namely the conventional dilute-acid hydrolysis conditions of 180-200oC, 0.2-2% acid. The rate of heterogeneous hydrolysis of celluloses is 1-2 orders of magnitude lower than those of homogeneous hydrolysis of model compounds. The heterogeneous hydrolysis has been found to be influenced by such physical factors as the degree of crystallinity, the state of swelling, and mechanical disintegration. There have been significant advances made to the original model of Saeman. The presence of amorphous cellulose and reversion reactions of glucose were implemented in a model suggested by Conner et al.: Another important development in the kinetics was finding of parasitic pathways. For these studies, the hydrolysis conditions were within the 200-240 oC temperature ranges and at low sulfuric acid concentrations (0.2-1.0% w/w). The reaction pattern of the parasitic pathway is as follows: Cellulose and hemicellulose experiments have both reported evidence of oligomer intermediates. Kim and Lee reported improvements in yields following secondary hydrolysis.  Abatzoglou et al. have observed presence of oligomers during hydrolysis of alpha cellulose in a cascade reactor under conditions within 200 - 240 oC and at low sulfuric acid concentrations (0.2-1.0 % w/w). Significant amounts of oligo-derivatives were observed in the hydrolyzate of the early stages of hydrolysis, and conversion of oligomers to glucose was 2-3 times faster than hydrolysis of cellulose to soluble oligomers. Our laboratory, in a cooperative research with NREL, has explored the use of a Bed-Shrinking Flow-Through (BSFT) reactor under extremely low acid and high temperature conditions. We have obtained experimental data in which glucose yields surpass 80%. This certainly contradicts the current kinetic models. We have carried out an experimental investigation seeking a plausible explanation for this contradiction.
MATERIALS AND METHODS

Experimental Apparatus and Procedures
Hydrolysis of pretreated yellow poplar was performed in both batch and bed-shrinking flow- through (BSFT) reactors. For dilute-acid-catalyzed hydrolysis at high temperature conditions, experiments were performed using sealed tubular batch reactors. The reactors (19.0 cm3 of internal volume) were constructed out of Hastelloy C-276 tubing (1/2” ID ( 6” L) capped with Swagelok end-fittings.  Approximate 0.6 g of (-cellulose and 12 g of 0.07 % H2SO4 solution were loaded into a reactor. The solid/liquid (S/L) ratio was maintained at the same level of 1/20 in all batch operations. The experimental observables were the time variation of the solid composition and the monomeric sugar concentrations in liquid. For batch hydrolysis under high concentration of acid (4 % H2SO4) at 120 oC, experiments were conducted in an autoclave using Pyrex glass bottles with 150 ml volume capacity. Hydrolysis experiments were also conducted in a semi-batch flow-through reactor and Bed-Shrinking Flow-Through (BSFT) reactor. 
Analytical Methods

Solid samples from experiments were analyzed for glucan content according to the NREL analysis procedures. Oligomeric sugars in the hydrolyzate liquor were converted to monomers using 4 % w/w H2SO4 hydrolysis at 120 oC for 60 minutes. Sugars and other compounds were determined by an HPLC using a Bio-Rad Aminex HPX-87P column. Oligomer samples were also analyzed by HPLC using a Bio-Rad Aminex HPX-42A column. 
Results and Discussion

Observed Glucose Yields from BSFT Reactors 

The unique characteristic of BSFT reactor is that a spring is placed inside the reactor pressing the biomass during hydrolysis reaction. Short residence time in the BSFT reactor reduces such degradation, resulting high glucose yields. For this work, we have modified the BSFT reactor by adding a quick quenching heat exchanger at the outlet of the reactor. With this modification, we were able to eliminate the post hydrolysis degradation raising the accuracy in the kinetic experiments. The superior performance of BSFT reactor has been reaffirmed when they are operated at extremely low acid and high temperature conditions. With yellow poplar feedstocks, the highest yield obtained using BSFT reactor was 90 %. It occurred at temperatures of 205-235 oC and 0.07% H2SO4. However, with use of a normal non-shrinking flow-through reactor, the glucose yield was only 64.4%, which is in line with the prediction from the conventional hydrolysis kinetic theory. For (-cellulose, the maximum yield in a batch reactor was about 40.2 % under 0.07 % H2SO4 and 205 oC. The yield was greatly improved to 80.6% when the BSFT reactor was used 

Presence of Oligomers in Hydrolyzate

The observed yield of total soluble sugars (glucose, cellobiose, and oligomers) is 80.6%. The yield is substantially higher than those observed in our previous experiments using batch reactors and percolation reactors. One notable feature of this run is the presence of oligomers that were not observed in our previous experiments. We believe this is due to the unique characteristics of the BSFT reactor and the quick quenching of the hydrolyzates, which prevented further reactions of intermediates. Glucose and cellobiose contents were obtained from HPLC chromatograms of raw hydrolysate samples. The same liquid samples were put through a secondary hydrolysis that was carried out with 4% H2SO4 at 121 oC for 1 hr. The glucose yield was calculated from the total glucose value after secondary hydrolysis. The yields of this magnitude and the presence of oligomers in the hydrolyzate cannot be explained by published cellulose hydrolysis kinetic models. The chromatogram shows that glucose and short chain oligomers are the major products under the hydrolysis conditions applied for (-cellulose. The amount of oligomers existing in the hydrolyzates decreased with the increase of degree of polymerization. 

Association of Glucose/Oligomer with Cellulose into Kinetic Model

We are also investigating on the heterogeneous nature of cellulose hydrolysis and the role of hydrogen bonding on the kinetics of cellulose hydrolysis in a parallel research in our laboratory. From this study we find that the supramolecular structures of cellulose must be taken into consideration in the mechanism of cellulose hydrolysis. Since cellulose supramolecular structures are built upon various types of hydrogen bonding between OH-groups, we now propose a hypothesis that the acid hydrolysis of cellulose is influenced by hydrogen bonding within the macrostructure of crystalline cellulose. The hydrogen bonding is believed to be the major factor that controls the structure and the physical property of cellulose. There are several levels of hydrogen bonding (HB) in the cellulose structure: intra-molecular HB, inter-molecular HB, and HB between the surface of cellulose and water/medium molecules. Formation of intra-molecular hydrogen bonds has been proven to contribute directly to certain physical property of cellulose such as crystallinity and solubility in various solvents having different polarities.  It also affects the relative reactivity of the cellulose.  In the overall molecular structure, glucose (C6H12O6) is quite similar to xylose (C5H10O5). For the sake of discussion, we introduce a reaction index applicable for the hydrogen bonds, named Instability Index (Io). It is an index similar to the severity factor in that it involves two parameters, temperature and acid concentration. The ionic strength of the solution may also be included into the definition of the Instability Index. The exact mathematical expression of Io is yet to be determined. It is an entity that increases when acid concentration and/or temperature increases. 

CONCLUSIONS

The conventional kinetic model of two sequential reactions is inadequate as a general model since it does not account for the heterogeneous nature of the reaction. The heterogeneity of the reaction creates physical resistances that are far greater than the reaction resistance. The primary factor controlling the physical resistance is the state of the hydrogen bonding in cellulose molecular structure. The state of HB affects the kinetic behavior. If the hydrolysis reaction is carried out under a condition that severely disrupts HB (high Io condition), glucose and its oligomers are formed. Since oligomers are more stable than monomer against decomposition, adoption of such reaction condition may increase the sugar yield. Quick quenching of the reactor effluent is an efficient way to raise the glucose yield especially in the high Io zone. Glucose-lignin re-condensation occurs during acid hydrolysis of cellulose. It is an important factor causing loss of sugar. A comprehensive kinetic model is proposed implementing additional factors into the conventional model: a parallel oligomers pathway, association of glucose/oligomers with cellulose through hydrogen bonding, and interaction of glucose with acid soluble lignin. The proposed kinetic model provides valid explanations for our recent laboratory data that contradict the conventional acid hydrolysis model.
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