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CRADA Title: Advanced Reservoir Management for Independent Oil and Gas
Producers
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The purpose of this Cooperative Research and Development Agreement (CRADA) between Los
Alarnos National Laboratory and the Strategic Technologies Council of Independent Oil and Gas
Producers (STC) was to develop reservoir management tools that would benefit independent oil and
gas producers and, at the same time, provide advanced information/knowledge-based
weapons program. The cooperative project was divided into four major tasks:

Taskl: Assessment of oil recovery mechanisms and recovery performance
for/by the participating companies; generation of an initial knowledge base
and computerized database to serve as an unclassified testbed for the
development of the concept of the virtural enterprise for certain aspects of
the Nuclear Weapons Program.
Task 2: Development of a refined database.
Task 3: Enhancement of the knowledge and tool base and assessment of its
applicability to the Nuclear Weapons Program.
Task 4: Demonstration of a prototype virtual enterprise (for both weapons
physics designers and small oil and gas producers) based on workflow-directed

tools for the

Web browser technology that supports distributed data access and appropriate
network security.

A major product of this CRADA for the oil and gas producers was advanced knowledge storage and
retrieval tools and a reservoir performance and management resource archive (RPMRA) system. In
addition, this CRADA assisted several members of the STC (independent producers) to survive the
dramatic price collapse of the late Nineties. Positioned by this CRADA, these same domestic
producers are now in the process of developing the Nation’s petroleum reserves. For the Nuclear
Weapons Program, the major product of the CRADA was a virtual enterprise framework called the
Global Weapons Information System (GWIS). This System was directly useful to weapon designers.
More importantly, it laid the groundwork for development of an information/knowledge
management plan for the Nuclear Weapons Program. A key result was identification and use of
classes of commercial software which could produce a Nuclear Weapons Program Information
System with very limited in-house developments.



DISCLAIMER

This repoti was prepared as an account of work sponsored
by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or impiy its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or refiect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.



Task I. Kinetics of Cellulose Hydrolysis under Extremely-Low-Acid

and High Temperature Condition

A. Insights on Reaction Mechanisrq of Acid Hydrolysis Cellulose

In order to assess the current situation of the kinetic investigation in our project, we

have given fiuther thoughts on this issue and performed detailed analysis of literature

information. Some of these efforts are summarized here.

The principal molecular mechanism of acid hydrolysis, which was confirmed by

model and tracer studies, is outlined in following Figurel. Acid hydrolysis, leading finally

to a fission of glycosidic bonds, proceeds in three steps. The reaction starts with a proton of

catalyzing acid interacting rapidly with the glycosidic oxygen linking two sugar units (I),

forming a so-called conjugate acid (II). The next step is the cleavage of the C-O bond and

breakdown the conjugate acid to the cyclic carbonium ion, which adopts a half-chair

conformation. After a rapid addition of

formation of the intermediate carbonium

in the middle of the polysaccharide

water, free sugar and proton is liberated2-5. The

ion then takes place more rapidly at the end than

chain. In accordance with this, the yield of

monosaccharides after partial hydrolysis is higher than that calculated on the basis of a
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Figure 1. Mechamism of acidic hydrolysis of glycosidic linkages



random bond cleavage.

Because the sugar molecules compete with the solvent (water), small amounts of

disaccharides are formed as reversion products in concentrated solutions. Reversion tends

to result in formation of (1+6-) glycosidic bond. Acid can also catalyze the dehydration

reaction of hydrolyzed sugars. Depending on the acid concentration and the temperature,

numerous reaction products are possible, most of them being rather unstable or formed

only in very low concentrations4’7-8. The acid-catalyzed dehydration under mild conditions

leads to the formation of anhydro sugars with intramolecular glycosidic linkage, resulting

from the elimination of a water molecule from two hydroxyl groups. As these glycosidic

linkages can easily be hydrolyzed, a series of further degradation products maybe formed.

Some of them are aromatic and condensed compounds (see figure 2). The degradation of

pentoses and uronic acids into furfural and of hexoses into hydroxymethylfhrfural,

levulinic acid and formic acid are the major degradation reactions. These reactions occur

primarily under concentrated acid and higher temperatures4J9,

Glucose Hyc:tikmthyl-

\

Levulinickid

,&:~H= Q4Ho– CondensationPmkts

Xylose Furfursl

Figure 2. Formation of furfural, hydro~methylfur fural, levulinic acid andformic

acidfiom monosaccharides in acidic mediuml

Factors Influencing Acid Hydrolysis

Although the principles of cleaving glycosidic linkages by acid-catalyzed reaction are

generally valid, the special kinetic data and the overall course of degradation are influenced

both by the applied acidic medium and the characteristics of the cellulose. The hydrolyzing

medium can be characterized by:



kind of acid

acid concentration and ion strength

pH value

temperature and pressure.

With regard to the cellulose, important factors are:

phase state

physical structure and accessibility in the case of heterogeneous

hydrolysis

conformation effects

ring structure and substituentsG.

Acids are characterized by their acid strength values (pKa value). Also the hydrolytic

activity (expressed by the pH value) and the activation coefficient of the hydronium ion

(expressed by the Hmett acidity function) influence the overall hydrolysis rate of

glycosidic linkages. Additional parameters are temperature and pressure. Generally,

increased temperature and pressure accelerate the hydrolysis velocity to some extent,

depending on the special acid characteristics mentioned abovelO.

High yield and reaction rate of glucose is not attained simply by removal of lignin

and hemicellulose formation from cellulose. Even cellulosic materials that never had lignin

and hemicellulose associated with them (e.g. cotton) are difficult to hydrolyze without

pretreatment 1-12. Because cellulose consists of regions of high and relatively low

crystallinity, acid hydrolysis processes to disrupt cellulose operate at two different levels:

inter-crystalline and intra-crystalline. The conditions required is relatively mild to swell

low crystalline regions (e.g. amorphous cellulose), where drastic processes are required to

affect the high-crystalline regions. This generate a major problem for acid hydrolysis that

amorphous cellulose goes rapidly through glucose to degradation products, while

crystalline cellulose takes time to convert to a readily hydrolyzed form* 1.

Kinetics and Model of Dilute Acid Cellulose Hydrolysis

The initial kinetic study of cellulose hydrolysis was by Saeman13. From

experiments using Douglas fir in a batch reactor, dilute acid hydrolysis was described using

two pseudo-homogeneous consecutive first order reactions.

Cellulose L Glucose L Degradation products



Hydrolysis of glycosidic bonds usually follows a first-order reaction14-15. The

individual hydrolysis rate depends on the parameters of the acid and the sample. The

reaction rate equations describing cellulose and glucose concentrations are:

dC—= —kl*C dG
dt

—=~2*G–k~*C
dt

for which the reaction rate constants follow an Arrhenius temperature dependence of the

form:

KiOis the pre-exponential factor, A is the concentration of acid (wt %), mi is a power, and

Ei is the activation energy. These four parameters are determined experimentally and were

found to vary with substrate. Glucose yield, the focus of most hydrolysis studies, is

evaluated by the following integrated equation:

G = C,& ]( –e-K”)+G. *e-K21~ e–K21

in which G is the fraction of the total potential glucose as glucose and CO and GO are the

initial fractions of potential cellulose and glucose, respectively.

These kinetic equations are generally used to elucidate reactions in homogeneous

phase. Therefore, in exact sense, they apply only to glycosides, di-, oligo- and those

polysaccharides which are readily and totally soluble in the hydrolyzing medium. A totally

heterogeneous reaction takes place in the case of partial hydrolysis with highly diluted

acids, yielding so-called hydrocellulose, a product with reduced DP but higher

crystallinitylG. The rate of heterogeneous hydrolysis of cellulose, which are 1-2 orders of

magnitude less than those of homogeneous hydrolysis of model compounds, are mainly

influenced by the

characteristics can

procedures5>17.

degree of crystallinity and the swelling state of

be influenced by mechanical disintegration and/or

cellulose. Both

recrystallization

There have been several improvements to the kinetic model originally suggested by

Saeman13. It is obvious that this model is missing an important factor for the more easily

hydrolyzed amorphous cellulose. The amorphous cellulose hydrolyzes almost

instantaneously to glucose, an initial glucose concentration must be assumed. The more



extended model was suggested by Conner et al. upon the study of the

glucose18:

reversion reactions of

Easily hydrolyzed cellulose Anhydrosugars

\ //
Glucose > Degradation Products

Resistant cellulose - Dissacharides ~ Glucosides

Implementation of the modified kinetic model, such as inclusion of the reversion reactions,

the fit of experimental data to the predicted model can be improved.

B. Experimental Kinetic Study

The primary emphasis of the project work during this period was placed on the

Task I. Upon completion of the design and construction of the experimental set-up

(previously reported), the batch kinetic experiments were conducted. The initial series of

experiments were done with a-cellulose using batch reactors. Taking this as the basis

cases, similar experiments were then carried out using untreated and pretreated Yellow

Poplar feedstocks. The batch kinetic experiments were conducted with 0.07V0 H2S04, and

at three different temperature of 205, 220, and

attached Tables 1 & 2 and Figures 9 & 10.

We have also constructed a bed-shrinking

235”C. The results are summarized in

flow-through reactor system that NREL

has invented. Some of the reactor parts and temperature control system was loaned out

from NREL for this study. An important series of experiments were performed for a kinetic

study on the yellow poplar feedstock using this reactor system. In our experiments using

the flow-through reactor, we have followed the time course of solid and liquid composition

and the terminal yields. Three different temperatures of 205, 220, and 235°C were applied.

The results are summarized in attached Table 3 and Figure 11.

The major findings in the batch and flow-through reactor experiments are as

follows:



1. In Batch reaction, the maximum yield of glucose from a-cellulose is

about 60°/0 for 205 and 220°C. However, the maximum yield at 235°C is

substantially lower at 40Y0. It is contrary to the conventional concept of

cellulose hydrolysis where higher yields are obtained at higher

temperature because the activation energy for hydrolysis higher &o the

hydrolysis than the decomposition reaction, The reason is unclear at this

time whether the results reflect the true kinetic behavior or the maximum

point in the data was somehow missed in our experiments because the

reaction occurs rapidly, the maximum point occurring at about ten-minute

point. Other side reactions may also occur at 230C.

2. The maximum yield of glucose from yellow poplar is much lower than

that from u-cellulose over the entire range of experimental batch reaction

conditions. The difference was most significant at 205C where the

maximum observed batch yield is only 30°/0 for the untreated and

pretreated yellow poplar feedstocks.

3. The glucan decay in the solid substrate in batch experiments is rather

insensitive to the temperature over the experimental rage applied in this

study (205 –235°C). See the semi-log plot of Fig. 9, 10 & 11. Again this

is a drastic departure of the known kinetics of cellulose hydrolysis at

higher acid concentrations (above 0.5%).

4. We have confirmed the earlier research work of NREL that the bed-

shrinking flow-through reactor (percolation reactor) provides glucose

yield in the vicinity of 90V0. We have obtained yields of 87.540A, 90.32Y0,

and 90.78’XOrespectively at 205, 220, and 230°C.

Follow up experiments are being conducted for confirmation and verification of

these findings. The issues being addressed in the follow up experiments are the difference

in the yields between the two reactor types and the difference between the two substrates.

These are crucial items in the hydrolysis of cellulose by the extremely dilute acid. We are



reporting on the reassessment of the kinetic background of the cellulose hydrolysis and a

part of the follow up experiments.

Additional Observations from the Batch Experimental Data

The current models for acid hydrolysis of cellulose predict that glucose yields higher

than 70% are not attainable. Conner et al.’g suggested that once glucose is formed under

reaction conditions, it can derivative ardor degrade via oxidation reactions or

polymerization reactions. Bouchard et al.20 suggested that only about 60-70°/0 of the

theoretical glucose yield from cellulose can be obtained because the cellulose is chemically

altered after about 70°/0 conversion. Therefore, the resulting solid substrates are not

quantitated as cellulose and can no longer be hydrolyzed to release glucose. Mok and

Anta121 suggested that about 30% of the hydrolyzed cellulose gives rise to oligomers,

which cannot be converted to glucose either at reaction temperature or after traditional

post-hydrolysis conditions using 4% sulfhric acid. However, recent work at the National

Renewable Energy Laboratory (NREL) on the aqueous fi-actionation of yellow poplar using

a simulated countercurrent reactor system has produced glucose yields higher than 85°/022

using 0.07°/0 w/w sulfuric acid and 2250C. The same results have been reproduced in our

laboratory. These results are contradictory to the previously published cellulose hydrolysis

kinetic models. The kinetics on fractionation of glucose from hardwood cellulose using

dilute sulfhric acid needs to be readdressed.

To study the kinetic sequences in hardwood (yellow poplar) cellulose hydrolysis, a

traditional semilog plot of cellulose disappearance as a function of hydrolysis time was

used. Although all published kinetic curves studying hardwood cellulose hydrolysis use

batch ampule reactors and acid concentrations of about 0.4-1.6 wtYo sulfimic acid, we have

used traditional batch reactors and a flow-percolation reactors as previously describe. It has

been confkmed that a continual shrinking bed reactor can produce glucose yields of 86-

91% (see Table 3). The reactor uses an internal spring to compress the bed in a percolation

reactor as hydrolysis occurs. It assures a well-behaving packed bed reactor operation with a

relatively constant bulk packing density throughout the entire hydrolysis process. The

kinetics of yellow poplar cellulose hydrolysis using prehydrolyzed sawdust in either a

batch or a non-shrinking bed (no internal spring) percolation reacor is seen in Figure 3.
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Figure 3. Hydrolysis of Prehydrolyzed Yellow Poplar at 225°C Using O.07%

Sl@ric Acid (Batch Reactor and Flow–Through Percolation Reactor)

Recognizing the importance of this finding, especially the difference in the kinetic

behavior observed from the two types of reactors, these experiments have been repeated

several times and the data were reconfirmed.” A telling observation here is the five-fold

difference in the initial rates differences between the two cases, flow-through shrinking-bed

reactor and the unstirred batch reactor. Using Saeman’ S13extrapolated hydrolysis kinetic

equations and constants from Douglas fir cellulose at 225°C and 0.07°/0 w/w sulfi.u-ic acid

(Saeman’s lowest acid concentration was 0.4%), an extrapolated rate constant of 0.07 rein-l

is obtained. We fmd this to agree reasonably well with our batch data of 0.06 rein-l (a rate

constant taken from the initial slope of Figure 3 (O-5 rein) and multiplied by 2.303). The 5-

fold higher rate observed in the flow-through percolation reactor indicates that the actual

cellulose hydrolysis rate is much faster than the rate projected from the batch data. The

main difference between the two reactor systems is the reaction media. In the flow-through

reactor, the acid solution is relatively fresh at all time, whereas the media in the batch

reactor contains more reaction products such carbohydrate oligomer and monosaccharides,

acid-soluble lignin, and

carbohydrates.

To identi~ how

experiments have been

decomposing and the re-condensing components of Iignin and

reaction media affects the cellulose hydrolysis, a series of

conducted. Figure 4 shows that different hydrolysis rate are



Figure 5. Pure Cellulose Hydrolysis at Di#erent SulJuric Acid Media by

adding EaOH or @H4,).@+J



observed when a-cellulose reacted with different starting media. With pure sulfhric acid

solution, a-cellulose hydrolyzes much faster than it would in a pre-hydrolyzed yellow

poplar media. The prehydrolyzate was prepared by hot water leaching of the yellow poplar

at 180 ‘C to remove hemicellulose and a part of the lignin. Because hemicellulose

hydrolyzes at lower temperature and at faster rate than cellulose, similar reaction

environment as that of the pre-hydralyzate media is expected for cellulose hydrolysis in

batch reactor. The hypothesis here is that cellulose hydrolysis could be significantly

hindered by the reaction media. The results summarized in Figure 5 show that although the

hydrolysis was enhanced slightly by presence of Ethyl Alcohol (EaOH), the present of

certain salts such as @Hq)’2S@ could slow down the celhdose hydrolysis dramatically. We

thus postulate that cellulose hydrolysis occurring in a batch reactor can be greatly affected

by the contents of hydrolyzate media of itself and by the components externally supplied.

Further research is being planned to verify how individual components in the hydrolyzate

liquor, including monosaccharides and their decomposed products, affect the rate of

cellulose hydrolysis.

Another striking observation not foreseen from the literature information is the

totally different behavior of hydrolyzate liquor between flow-through reactor and the batch

reactor under extremely dilute acid (0.07°/0) condition .The data shown in Tables clearly

indicate that the glucan yield (expressed by glucose presented in hydrolyzate liquor) is

consistent at 80-90 0/0level for the flow-through reactors. However, the yield of glucose in

batch reactors is less than 40% at the same condition. Whether this phenomena prevail

under higher acid condition is unknown. We plan to run more flow-through percolation

experiments at different acid levels for further identification. Because the glucose

decomposes at a relatively low rate at the reaction condition, it is unlikely that the low

glucose yield in batch reactors is due to decomposition. Then where has the glucose gone?

We think that the answer to this question has to do with the hydrolysis media produced

during the reaction. Further experiments were carried out to follow up on this issue. The

experiments were designed to investigate how glucose ‘decomposes’ in different media.

The results are shown in figures 6 & 7. These results reveal that glucose undergoes a

certain pathway yet to be identified in the pre-hydrolyzate liquor and rapidly disappears.

Especially at 0.07 % wiw sulfuric acid condition in the pre-hydrolyzate media, which

NREL proved to be the optimal acid concentration for percolation reactions, the glucose



Glucose ‘Decomposfion’ in Different Media

1 2 3 4 5 6

❑ Glucose glL 21.43 14.4 7.2 0.3 3.64 2.6

Reaction Conditions: 200 ‘C and 10 min
1. Initial Glucose Concentration for all Reactions
2. 0.07’% Sulfuric Acid Solution
3. 0.4y0 .SulfuricAcid Sohtion
4. Pre-hydrolyzate Liquor with 0.07% Sulfuric Acid
5. Pre-hydrolyzate Liquor with ().47. Sulfuric Acid
6. Half pre-hydrolyzed liquor with 0.47. Sulfuric Acid

Figure 6. Comparison of Glucose ‘Decomposition’ Rate at Dl~ferent

Reaction Media - E#ect of Pre-hydrolyzed Liquor and Acid Concentration

Glucose ‘Decoreposition’ in Different Media

111213141
ElGlucose Percentage 100.00 75.48 75.48 31.57

Reaction Condition: 180 OCand 20 min
1. Initial composition for all runs
2.0.0770 surfuric acid
3. cooked liquor with 0.07% acid and 2.lwt% Lingin at 200 OCfor 20 min
4. cooked liquor with 0.4% acid and 2.lwt% Lingin at 200 OCfor 20 min

Figure 7. Comparison of Glucose ‘Decomposition’ Rate at D~~ferent

Reaction Media - Effect of Acid Hydrolysis Reprecipitated Lignin



disappears even faster. The glucose disappearance is less with higher acid level. This

certainly cannot be simply explained by glucose decomposition. There must be some

unidentified reactions between glucose and some components in the hydrolyzate media.

These reactions occur mainly at high temperature and are obviously affected by acid

concentration (or pll) in the hydrolyzate. This is a part of the reasons why extremely high

glucose yield is achieved in a shrinking-bed flow-through reactor. Further kinetic

experiments are planned to further clari@ this issue.

New Kinetic Model (Figure 8) Development

Based on the current experimental data, we propose a general kinetic model that

includes most of the plausible reaction pathways surrounding the acid catalytic cellulose

hydrolysis (see Figure 8). We have mentioned previously about the possible effects of the

hydrolyzate media to the cellulose rate and glucose ‘decomposition’ rate. We also believe

that a certain fraction of glucose exists on the surface of solid cellulose. It is attached by

hydrogen bonding. If so, the breakage of glucosidic bond during hydrolysis may require

extra energy to break the hydrogen bonds connected to the cellulose microstructure. Work

is currently in progress to veri~ this premise. Experiments are being prepared to test if

cellulose hydrolysis rate can be enhanced by adding a surfactant or a polar solvent such as

EaOH or Acetone by which the surface tension of the reaction media is decreased.
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Table I. % Glucose remaining after batch reaction using pretreated Yellow Poplar
Feedstocks at dijferent temperatures.

205 C 220 c 235 C
Time(min.) Solid(%) Liquid(%) s L s L

o 100 0 100 0 100 0

3 95.5 0 95.11 0 94.31 0

5 83.72 3.32 80.36 3.96 79.93 5.63

7 70.16 11.54 68.72 15,72 68.37 15.79

10 60.74 19.73 57.38 22.69 53.46 20.43
13 52.59 29.71 49.45 35.45 43.34 18.72

16 40,38 26.62 36.74 30.73 38.09 13.29
20 17.71 19.48 14.29 27.77 9.47 7.36
25 6.88 15.36 6.03 25.24 0 3.11

30 0 13.72 0 20.65 0 0

Table 2. % Glucose remaining after batch reaction using untreated Yellow Poplar
Feedstocks at dzjjferent temperatures.

205 C 220 c 235 C

Time(min.) Solid(%) Liquid(%) s L s L

o 100 0 100 0 100 0

3 92.23 0 90.47 3.31 89.56 3.61

5 80.21 4.11 77.29 6.75 75.53 6.88

7 67.43 15.56 61.44 20.48 60.14 21.45

10 58.64 23.35 51.46 30.12 49.52 30.33

13 48.95 35.22 43.36 40.55 40.76 45.19

16 30.12 30.23 29.45 50.98 25.56 49.82

20 14.03 27.65 11.2 45.56 6.51 47.63

25 4.67 20.26 3.14 40.25 0- 42.22

30 0 20.37 0 29.97 0 33,16

Table 3. % Glucose remaining after bed-shrinkingjlow-through reaction using
untreated Yellow Popiar Feedstocks at dt~ferent temperatures.

I 205 C I 220 c 235 C

Time(min.) Solid(%) Liquid(%) s L s L

o 100 0 100 0 100 0

3 72.08 13.13 69.75 17.25 70.25 15.87

5 65.33 24.7 58.42 30.33 50.07 36.65

7 48.72 42.56 40.39 49.55 37.72 50.91

10 33.65 55.34 29.77 66.13 20.19 67.73

13 19.44 70.49 10.05 78.85 7.34 80.14

16 9.24 80.77 3.66 89.36 2.37 90.22

20 3.17 86.65 0 90.32 0 90.78

25 0 87.54 0 0

30 0 0
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