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ABSTRACT 

Small par t ic les of Texas l i g n i t e , Wilcox formation, were 

reacted with 0.5 and 0.25N solutions of sodium hydroxide in a 

two - l i t e r batch reactor. The reaction times varied from 1 to 8 

hours and were carr ied under an autogeneous pressure. Tempera

ture levels of 100, 130 and 160°C were used. Maximum conversion 

levels of around 75 to 90% were discovered for these tempera

ture-t ime combinations. 

The behavior of the k inet ic data for th is reaction system 

pointed to a two-step mechanism for the thermal dissolut ion of 

the l i g n i t e . A special numerical technique was developed to 

re t r ieve the best set of k inet ic parameters, for the s impl i f ied 

two-step reaction model, that can represent the experimental 

data. For the f i r s t react ion, an act ivat ion energy of around 

3000 kcal/mole was found for both a f i r s t - and second-order 

react ion, showing some kind of d i f fus ion-contro l led reaction or 

the breakage of yery weak bonds. The l a t t e r hypothesis was 

selected because the product extracted was found to be soluble 

in organic solvents in which the or ig inal coal was not soluble. 

Asphaltene y ie lds of up to 10% weight f ract ion from the soluble 

f rac t ion were reported. The second step of the reaction had an 

act ivat ion energy of around 16,000 kcal/mole that w i l l represent 

the reaction of soluble material back to insoluble. Higher 



extraction yields and asphaltene production was reported for the 

alkaline concentration, indicating a direct correlation between 

ionic strength and the amount of lignite reacted. 

The results presented in this thesis validate the concept 

of the use of alkaline solutions as the optimal solvent for 

in-situ lignite liquefaction due to their high extraction 

yields, low severity operating conditions, and the low cost 

solvent used. 
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CHAPTER 1 

INTRODUCTION 

During the past few years, the increased cost and reduced 

domestic availability of crude and natural gas have forced the 

economy to reevaluate its dependence upon other fossil fuel 

reserves (1). Long-term projects indicate a transition from 

dependence on oil and gas to the use of a great diversity of 

energy sources. Long-term efforts center on renewable energy 

sources, such as solar and geothermal biomass, ocean thermal 

gradients, and large potential supplies of nuclear fusion and 

breeder fission (2). However, the technology for the use of 

these resources is under development to fulfill the energy needs 

for the near future. Until the issues about the use of nuclear 

power have been resolved and public confidence is restored, it 

is difficult to make predictions about the future contribution 

that nuclear power will make (3). For at least the next quarter 

century, and possibly longer, the major energy resource appears 

to be coal. Coal, the world's most abundant energy source, 

represents about 90% of the world's fossil fuel resources, as 

shown in Figure 1. Thirty percent of the economically recover

able coal reserves are in the United States, represented by 

Figure 2. 
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Coal represents 90% of the nation's recoverable energy 

reserves but only 18% of the nation's energy consumption. In 

comparison, oil and natural gas represent only 7% of energy 

reserves but 75% of the total energy use. 

Recent energy development policy recognizes that coal 

cannot only provide the nation's near term energy needs, but can 

also potentially provide the process needed for hydrocarbons of, 

many manufacturing industries, such as the petrochemical 

industry. 

The main constraint facing coal development is the method 

of utilization. Compared to oil and natural gas, coal is 

environmentally inferior, but proper conversion techniques can 

easily solve this problem. 

Total United States coal supply regions are represented by 

Figure 3. Lignite occurs in the Texas coastal plain, principally 

in East Texas and to a lesser extent in South Texas. Texas 

lignite and coal are defined in two main categories. The near 

surface deposits, at a depth of less than 150 to 200 feet, 

available by surface mining techniques, and deep basin deposits 

at a depth of 200 to 5000 feet, extractable through deep mining 

or by in-situ recovery, as shown in Figure 4. From the total 

lignite deposits of 110 billion tons, 10 tons are near surface 

deposits, while 100 billion tons are deep basin. So, a detailed 

study of deep basin recovery is very essential. There has been 
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considerable research over the years in the United States and 

abroad of in-situ gasification and liquefaction of coal for the 

recovery of the deep seams of coal. In-situ gasification 

research and development has encountered low recovery effi

ciencies, difficulties in controlling the process, and leaks of 

gases to the surrounding formations. Most of the research in 

in-situ liquefaction and solution mining has been directed 

towards the use of organic solvents. These solvents have to be 

recovered to make the process economically feasible, but during 

the normal operation, a high percentage will be lost to the 

surroundings, rendering the process uneconomical and polluting 

the formations. 

The solution of the latter problem is the use of cheap, 

nonpolluting solvents that can extract the coal, in this case 

lignite formations, economically and prevent solvent leakage. 

Aqueous alkaline solutions represent a novel approach to in-situ 

liquefaction. There have been some efforts to use these 

solutions to recover Southeastern lignites with some success (up 

to 80% yield), but no attempts have been made to retrieve the 

kinetic data or explain the reaction mechanism. The use of 

alkaline solutions is not new; e.g., most of the experimental 

work has shown the feasibility of the process but not a 

conclusive explanation for the phenomenon. 
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Other important features of aqueous alkal ine l iquefact ion 

are that the temperature levels required for the operation are 

low and the heat required can be supplied by oxidation of the 

unreacted l i g n i t e with a i r (35). Alkal ine solutions have also 

shown very good qua l i t ies as a low temperature cata ly t ic medium 

for carbon oxidation (36), making the overall process a very 

promising l iquefact ion technique. One additional advantage of 

th i s technique, from the economic and pol lu t ion point of view, 

is that solvent losses by f i l t r a t i o n to the surrounding 

formations can be minimized because alkal ine l i gn i t e is also 

used as a mud addit ive in d r i l l i n g hot holes, as i t gives less 

losses and constant f i l t r a t i o n rate for o i l wells (37). 



CHAPTER 2 

LITERATURE REVIEW 

2.1 Coal Structure 

Coal is a highly cross-linked amorphous, macromolecular 

network, consisting of a number of stable cluster units or 

aggregates. The cluster units include aliphatic carbon (5), 

ethers, carboxylic acids (6), and weak hydrogen bonds. 

Coal is considered to be formed from peat deposits produced 

in swamps through accumulation of plant substances. These plant 

substances were subjected to various processes, such as 

compaction and heating. The severity of condition leads to 

increasing coal rank (7). Lignite is considered to be low rank 

coal with large amounts of oxygen and ntirogen. Lignite has also 

been defined as a gel of humic acid molecules swollen by water 

(8). In fact, humic acids are also referred to as humic 

substances widely distributed in soil, lake sediments, lignite, 

brown coal, etc. (9). Humic substances are described as high 

molecular weight polymers with color variations from yellow to 

black. According to new concepts, the various groups represent 

the part of a polymer system with variation in acid composition, 

molecular weight, and degree of polymerization. These sub

stances, attached to mineral matter, can be recovered by 
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extract ion with mild a l k a l i . The abundance of oxygen containing 

radicals in l i g n i t e and the weak nature of the acid-base bondage 

in l i g n i t e makes alkal ine extraction a very promising mechanism 

fo r l iquefact ion. The strong caustic w i l l cleave the weak ionic 

bonds and the fragments w i l l become soluble due to the 

saponif icat ion of the oxygen containing groups. A schematic 

diagram of coal structure is shown in Figure 5. 

2.2 Reaction Model 

The reaction model proposed for the liquefaction consists 

of two consecutive order reactions of the form: 

Lignite Solubles 

Solubles Residue 

To represent this reaction, two reaction sequences are 

proposed. The first assumes two first-order reactions or, 

expressed in mathematical terms: 

dA/dt = - k^Q exp(- E^/RT) A H 

dB/dt = - k2Q exp(- E2/RT) B - dA/dt 

dC/dt = k^Q exp(- E^/RT) B 

The second model assumes a second-order reaction for the f i r s t 

step of the l iquefact ion react ion. 

(1) 

(2) 

(3) 
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dA/dt = - k^Q exp(- E^/RT) A^ H (4) 

all other reactions remain the same. 

The solution of these differential equations depends on 

what section of the run has to be analyzed. From an analysis of 

Figure 2, distinct regions can be distinguished, a constant 

heating ramp and an isothermal section. The solution procedure 

for the isothermal part for the first-order reaction is 

straightforward, giving the following solutions: 

A = AQ exp(- k^t) (5) 

B = BQ exp(- k^t) + A^[k^/(k^ + k2)][exp(- k^t) 

- exp(- k^t)] (6) 

k̂  = k^Q exp(- E^/RT) (7) 

k^ = k2Q exp(- E^/RT) (8) 

The values of A and B are the concentrations of the 

0 0 

particular species after the induction period is over and T is 

the particular temperature at which the reaction is taking place 

for a period of time, t. To obtain the concentrations for 

lignite and solubles after the induction period is over, the 

differential equations (1) through (3) have to be multiplied by 

a constant heating ramp, 3, that will transform the system of 

equations to a single dependent variable temperature. To solve 
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equations (1), (2), and (3), the backward formulation of che 

Gear Package, from the International Mathematical Software 

Library, was used. This package was also used to solve equations 

(2), (3), and (4) for the second order model for both regions. 

2.3 Kinetic Parameter Retrieval 

The selection of the best kinetic model is based upon its 

ability to reproduce not only the data used for its development, 

but also other data sets obtained using different experimental 

conditions. One of the most popular criterion used to determine 

optimal parameters is based on the minimization of some 

objective function, in this case the sum of the square of errors 

between the conversion values from experiment and model. The 

objective function for this problem is: 

min f(E., k.) (9) 

f =2(a. exp - a. model)^ (10) 

E. and k. > 0 

This is a constrained optimization problem. To simplify the 

complexity of the problem, it can be transformed into a scaled, 

unconstrained problem of the form: 

E. = 20,000 exp x. (Ha) 
1 T 
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kj = exp(Xj.) (lib) 

where x^ and x. are unconstrained. 

There are several methods available to solve this problem. 

Due to the highly nonlinear nature of the problem, the method 

has to be robust and one that will not require analytical 

derivatives. From the available methods, the Nelder Mead Simplex 

(38) was selected because of its robustness and stability 

properties. 

2.4 Simplex Algorithm 

The Simplex algorithm is used to minimize the function of n 

variables. It produces a set of n+1 points in the nth search 

space; it compares the values of the function at all the 

vertices and searches for a point with a lower functional value. 

Once this point is found, the highest point is dropped and the 

algorithm continues until the convergence criterion are met. The 

Simplex adapts to the local landscape, elongating, changing 

direction on encountering valleys at an angle, and contracting 

in the neighborhood of a minimum. 

To start the algorithm, a Simplex formed by n+1 points is 

defined in an n-dimensional space (x-,, x^,..., x , ) , denoting 

the following points: 

x^/max f(x.;= f(x^) = f^ (12) 
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x^/min f ( x . ) = f (x^) = f^ (13) 

n+1 

^ave ^ ^ / " ^ ^i centroid (14) 
i=h 

re f lec t ing the point x̂ ^ through the centroid. 

x^ = (1 + a) x^^g • ^ ^h re f lec t ion 15) 

Now, i f f^ l i es between the highest and the lowest, then x. 

is replaced by x^ and the algorithm restar ts . 

I f f^ < f-j (new minimum) our search has been successful and 

the Simplex w i l l be expanded: 

Xg = c x^ + (1 - c) x^^g expansion (16) 

I f f < f 1 , replace x. by x and s tar t over. In the event 

that •f'g ^ f 1» the expansion f a i l ed . Replace x. by x and s tar t 

over again. 

I f f > f^^u» the Simplex is too big and has to be 

contracted. 

X = b X, + (1 - b) x , „ ^ contraction (17) 
e n ave 

I f f is less than f and f, , the contraction has c r n 

succeeded; replace x by x. and star t again. I f the previous 

condit ion has not been sa t i s f ied , replace a l l points by: 
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X. = (x. + x^)/2 (18) 

The algorithm terminates when the variation of the function 

values at the vertices of the current Simplex falls below a 

certain tolerance, e. 

n+1 

Z 

i=l 

e < 1/n [ Z (f^^^ - f.)2] (19) 

n+1 

^ v e = ^/"^l ^ î ^20) 
i=l 

2.5 Alkali Treatment: A Review 

The treatment of coal with pure alkali, or alkaline aqueous 

solutions, has been given some attention in technical litera

ture, but it has not been pursued as a suitable liquefaction 

technique. Research in this area has not been limited to brown 

coals or lignites only, but the best extraction yields have also 

been encountered with this lower coal rank. Sadler and Huang 

(10) were the first to suggest the use of this technique as an 

economic alternative for underground liquefaction. Alkaline 

treatment of coals is yery similar to the techniques used to 

extract humic acids (24), the differences are the use of higher 
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temperature levels, longer contact times, and higher alkaline 

concentrations. 

As reported by Parker, et al. (13), the earliest studies of 

this technique were reported in the German literature. Lower 

rank coals were converted to alkali-soluble products by fusion 

with caustic potash in an open dish. This work did not take into 

account the effects of atmospheric oxidation. Other work was in 

the pressure heating of bituminous coal in the presence of 

aqueous alkali as a way to remove oxygen from coal. 

Kasehagen (11) reacted Edenborn (Pittsburgh seam) bitumi

nous coal with sodium hydroxide solutions from IN to pure solid, 

at a temperature range from 250 to 400°C from 20 to 30 hours. 

The purpose of his research was to selectively extract oxygen 

from the coal matrix to reduce the amount of hydrogen needed 

from hydrogenation. His optimal conditions were 350*̂ C and a 5N 

solution. A close examination of his 350°C runs shows the 

phenolic and acid extractable reaching a maximum at the low 

alkali concentrations. The main products of the reaction were a 

mixture of hydrocarbon gases and CO2, a neutral oil benzene 

extractable, an aqueous layer with the phenolic and acid 

components, and a coke-like residue with lower oxygen concentra

tion. 

Parker, et al. (13), reacted an Adaville (Wyoming seam) 

subbituminous coal with alkaline solutions from IN to 66-2/3%, 
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at a temperature range of 250 to 425°C for 12 hours. This 

research t r i ed to elucidate the importance of oxygen to carbon 

and hydrogen-to-carbon rat ios in the coa l i f i ca t ion process. They 

found that a maximum of 68.4% of the coal can be made alkal i 

soluble at 250°C with a 5N sodium hydroxide solut ion. However, 

they discovered that a great number of part ic les in the 0.5 to 2 

micron range were present in the solut ion, which represents the 

formation of the small molecules by the ruptures of certain weak 

bonds. They also reported a lower oxygen content in the 

coke-l ike residue. 

Brooks and Sternhi l l (15) report the effect of aqueous 

alkal ine solutions on low-rank Australian coal. They reacted 

three coals at 190°C for about 12 hours, obtaining the following 

product y ie lds (acid prec ip i ta ted-a lka l i soluble) Morwell--77%, 

Yallourn NTH--80%, Nuja--60%. The increase in y ie ld can be 

at t r ibuted to the use of lower rank coals than previous 

researchers. 

Frost, et a l . (12), studied the properties of humic acids 

from l ign i tes from North Dakota, South Dakota, and Montana. They 

extracted the humic acids using a IN solution of sodium 

hydroxide at room temperature for 90 minutes. Their results were 

5% extract ion of humic acids from l i g n i t e , but about 85% for 

leonardite (a natural oxidized l i g n i t e ) . Again, i t is shown that 
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the higher the oxygen content, the higher the extraction yields 

even at low temperature. 

The work of Sharma and Wilson (14) was very similar to that 

of Parker, et al. Two coals, Dinnington and Haig, were reacted 

with a 2N sodium hydroxide solution, from 250 to 300°C for 8 

hours. 

The maximum extraction yields computed from their data are 

at 30% at 325°C for the Dinnington coal, and 20% at 300°C for 

the Haig coal. These yields were computed in a dry ash-free 

(daf) basis. The difference in yield can again be explained by 

the higher oxygen concentration of the Dinnington coal (7.8% 

daf) compared to the Haig coal (5.4% daf). 

Sadler and Huang (10) used samples of Wilcox strata lignite 

from Sumter County, Alabama. They heated this coal with 

different concentrations of sodium hydroxide at 100, 200, and 

250°C for 5 hours. They found that up to 66 g/1 yields reached 

at a maximum at 0.2 kg sodium hydroxide per kg lignite per kg 

dry feed at 200°C. They also reported that the injection of 

oxygen during the run increased by 10% the final yield, and that 

lignite appears to be considerably more easily digested by 

aqueous alkaline media than does bituminous coal. 

Asahara, et al. (16) studied the alkali fusion of three 

Japanese coals at mild conditions (320 to 350°C) for 1 hour. 

They found that there was a marked increase (about 85%) on the 
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y i e l d of pyridine solubles in the coal, with yields of humic 

acids between 2% to 7.2%. Their low yields can be explained by 

the high alkal ine concentration, short contact time, and the 

type of coal used. Subbituminous coal gives lower y ie ld because 

of lower hydrogen-to-carbon ra t i o . 

Okuwaki, et a l . (31), reacted d i f ferent coal specimens with 

IM sodium hydroxide solut ion at 250°C and acid i f ied with 33% 

su l fu r i c acid. The products were acetic acid and oxalic acids. 

They concluded that lower rank coal yields more acid quant i t ies. 

Molly and Montgomery (32) carried out alkali-oxygen 

oxidation of bituminous coal at 270 C at 900 l b / i n pressure. 

Chromatographic f ract ionat ion showed the presence of benzoic and 

pthal ic acids in addit ion to other acids. 

Lignin and leonardite are important constituents of 

d r i l l i n g f lu ids and muds. To prepare th is addi t ive, crushed 

l i g n i t e is mixed with caustic soda and then added to the mud. 

Leonardite is a versat i le material for emulsion s tab i l i za t ion . 

When solubi l ized by caustic soda, leonardite is an emulsfier for 

o i l in water (19). L igni te additives maintain stable f i l t r a t i o n 

rates in d r i l l i n g hot holes (20); i . e . , the amount of f l u i d 

f i l t r a t i n g to the surrounding formations is minimized. 

Engineering analysis of i n - s i t u l iquefact ion of coal using 

alkal ine solvent was carried out by Wise and Augenstein (35). 

Using previous experimental data, material and energy balances 
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were carried out for the process without taking kinetics into 

consideration. Their results showed that the process is 

economical for bituminous coal assuming 30% yield at 240^0 

temperature. 

Ultimate and proximate analysis were carried out by Oman 

and Simon (38). Statistically analyzed results (shown in Table 7 

of the Appendix) give the comparative study of different 

lignites. 



CHAPTER 3 

EXPERIMENTAL 

3.1 Experimental Apparatus 

Reactions were carried out in a Parr, s t i r red reactor 

(Model 4522), as shown in Figure 6. The bench-scale, 2 l i t e r 

reactor consisted of a T316 stainless steel bomb with maximum 

working conditions of 350°C temperature and 1900 psig pressure. 

The reactor was equipped with a 1/15 Hp, single-speed motor 

which turned the s t i r r i n g shaft at 1700 rpm. A mult iple pitched 

blade turbine was used for uniform mixing. The turbine blades 

near the upper l i qu id surface was ef fect ive for rapid sub

mergence of f l oa t ing part iculate sol ids. The sel f -seal ing, 

packing gland u t i l i zed pressure from within the vessel i t s e l f to 

force the set of packing cones against the rotat ing shaft. 

An open-top l i ne r , made of Teflon was used to protect the 

bomb cyl inder walls from chemical attack. To control the 

temperature of the external, resistance-tube heater, J-type 

thermocouple was used with a temperature contro l ler (Model 

#5500/624A). This model, made by RI Research, was set with a 

point control of +_ 3°C and a s tab i l i za t ion time of 2.5 minutes. 

A serpentine Monel cooling co i l provided faster cooling. For 

vacuum f i l t r a t i o n , Cesico-Megavac pumps were used which gave the 

22 
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absolute pressure of 0.001 mm of mercury, or less. The support 

equipment for the reactor included a nitrogen cylinder to purge 

the system twice before starting each experiment. 

3.2 Experimental Procedure 

The lignite used throughout this project was obtained from 

the Dow Process Plant in Freestone, Texas. This lignite belonged 

to the Wilcox formation. Approximate and detailed analysis of 

this lignite is given in Table 1 of the Appendix. Initially, the 

lignite, stored in airtight containers to avoid structural 

changes due to moisture loss, was crushed and screened to obtain 

a 500-720 micron fraction. The samples were preheated for 4 

hours at 110 C in a vacuun oven at 22 inches of mercury vacuum. 

The samples were sealed and stored in the desiccator. 

Forty gram samples were allowed to react with 500 ml of 

sodium hydroxide at 0.5 and 0.25N concentration. A heating rate 

of 4°C/min was used to take the reaction vessel from surrounding 

to reaction temperature. The experiments were carried out for 1, 

2, 3, 5, 7, and 8 hours for 100, 130, and 160°C temperature. 

Approximately 4 minutes were required to cool the reactor 

contents at room temperature. 

At the completion of the reaction, i.e., at room tempera

ture, the unreacted solids were vacuum filtered (Whatman filter 

41) and dried in a vacuum oven at 100°C for about 5 hours. The 
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dark viscous, basic filtrate, with pH of 8.0-10.5 was neutral

ized with 2N hydrochloric acid. At about 3.5 to 4.5 pH, black 

precipitates were separated from the liquid by vacuum filtration 

(Whatman filter 2) in the same manner. The precipitates, dried 

at 80 C in a vacuum oven, were shiny and fluffier than actual 

lignite. The acid-filtrate was analyzed by high pressure liquid 

chromatography. Figure 7 represents the experimental conditions 

for all experimental runs. 

3.3 Analysis of Product 

The characterization of the solid sample precipitates 

Soxhelt analysis, is one of the standard analytical procedures. 

Soxhlet extraction apparatus consisted of 3 pieces, an 

Erlenmeyer flask with standard taper joint of 24/40, a tube 

extractor with standard taper joints of 24/40 and 25/50, and an 

Allihn condenser with standard taper joint of 55/50. Cellulose 

extraction thimbles (30 x 77 mm by Whatman) and a rheostatically 

controlled heater were also used for the analysis. The thimble 

was dried at 100°C for up to 5 hours in a vacuum oven so that 

its successive weight at 30 minute intervals did not give a 

difference of more than 0.05 gm. A dry sample, 1.5 gm, was 

extracted with approximately 250 ml of fresh solvent until the 

wash solution leaving the thimble compartment was colorless. 

Toluene, cyclohexane and pyridine were used for the analysis for 
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acid products, as well as unreacted l i g n i t e , in the sequence 

shown in Figure 8. 

3.3.1 Liquid Chromatograph Analysis 

Acid product analysis was performed on a Waters Associate, 

High Performance Liquid Chromatograph. The l iqu id chromatograph 

was composed of a pump (Model 6000A), a universal l iqu id 

chromatograph in jec to r , a styry l gel 10°A column, ref ract ive 

index detector, a solvent reservoir, and a recorder. 

Tetrahydrofuran, in a 1000 ml Erlenmeyer f lask was placed 

at 1 to 2 feet above the pump as an aid for free flowing 

solvent. Teflon tubing (1/16 inch O.D.) was used from the 

solvent reservoir to the piston-driven, high pressure del ivery, 

316 stainless steel pump. The tubing leading from the pump to 

the column was 1/16 inch O.D. x 0.009 inch I.D. stainless steel 

tubing. 

The Model 6000A pump had two posit ions. One posit ion 

directed solvent f low to the reference beam. The other posit ion 

diverted the solvent flow to the chromatograph column. 

A p r e - f i l t e r e d , 20 micro l i ter sample was loaded into the 

in jec tor with a micro-syringe. The sample was carried out with 

the solvent in to the column packing. The column was protected 

from contamination and precipitates by the use of a guard column 

(Part 84550), which was cleaned per iod ica l ly . 
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The refractive index detector was adjusted manually by the 

use of an optical zero and an attenuator. The polarity could 

also be adjusted from + ve to - ve. The RI detector simply 

measured the difference between the refractive index of the pure 

solvent, to the refractive index of the material eluting from 

the column. The recorder measured the electrical output from the 

RI detector and reproduced it on chart paper in the form of 

chromatograms. 

3.3.2 Thin Layer Chromatography 

To study the molecular structure of the acid product, 

concentrated THF (Tetrahydrofuran) solution was passed through a 

silica gel column and eluted out with ethyl acetate. The 

inorganic material was trapped in the column and a yellow liquid 

was obtained which was used for TLC analysis. 

Silica gel (Si02, X H^O) TLC plates were used with a 

petroleum ether to ethyl acetate 5:1 system as the solvent. The 

small amount of yellow liquid was spotted close to one end of 

the plate. Then, the thin layer plate was placed in a close 

chamber in an upright position with the lower edge immersed in a 

shallow layer of the solvent. The solvent rose through the 

capillary action. After a few minutes, the plate was removed 

from the solvent, dried and examined. To visualize colorless 

organic compounds, an iodine vapor chamber was used. The more 
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polar the compound, the more strongly it binds to silica gel. 

This analysis showed the presence of three polar compounds. For 

further characterization, infrared spectroscopy of these 

compounds was carried out. 

3.3.3 Infrared Spectroscopy 

Absorption spectroscopy is one of the most important 

experimental methods to understand the molecular structure. 

Molecules selectively absorb specific frequencies of infrared 

radiation corresponding to the vibrational oscillations of the 

atoms connected to covalent bonds. When this oscillation is 

absorbed by a molecule, the amplitudes of these vibrations 

increase. The absorption corresponding to this oscillation 

appears in certain definite wavelength regions, regardless of 

the particular compound in which the group of atoms is 

contained. 



CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Determination of Conversions 

A major fraction of the organic from the lignite is 

solubilized at low temperature. Liquefaction yield data are 

shown in Figures 9 and 10. Up to 83% of the organic material can 

be recovered at 160°C with 0.25N alkali concentration. All 

analyses were carried out on a dry, ash-free basis. The 

extraction data and ash data for all of the experiments are 

reported in the Appendix. This confirms the premise that the 

lignite can be liquefied at low temperatures with alkaline 

solutions. Upon close observation of these figures, it can be 

observed that the amount liquefied decreases after 5 hours. This 

could indicate some kind of chemical reaction of the soluble 

material, or some other physical phenomenon that precipitates 

the lignite from solution. Sadler and Huang (10) also obtained 

similar experimental results, showing more than 80% conversion 

at less than 250°C for 5 hours reaction time. But, ash-free 

analysis was not available to compare the exact data, and the 

lignite they used was Alabama lignite. The results for a very 

small reaction time (5 minutes) at 0.5N alkaline solution and 

room temperature, showed as low as 2% lignite conversion. Only 
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10% lignite conversion was obtained for a 9 day reaction time at 

room temperature. Higher thermal energy is required to break the 

bonds and restructure the molecules. 

Comparison between the extraction yields for 0.5 and 0.25N 

sodium hydroxide solutions indicate that there is a strong 

correlation between ionic strength and extraction yields, or 

asphaltene production. This can lead one to assume that the 

breakage of weak acid-base bonds is the main mechanism for the 

alkaline dissociation of the lignite, and oxygen functionality 

keeps the fragments in solution due to their interaction with 

the caustic ions. 

4.2 Extraction Analysis 

The precipitate recovered from the solution after the pH 

was adjusted had a brighter color than the original lignite. 

There was some evidence that there was a chemical change in the 

lignite structure, because the material was partially soluble in 

pyridine and tetrahydrofuran. Pyridine extraction yields as high 

as 13 grams of organic were found for the higher temperature 

runs, as shown in Figure 11. At higher temperatures, more 

asphaltenes are obtained. So far, no data of asphaltene yields 

for alkaline extraction have been reported. Indissoluble 

lignite, as well as sample lignite, were completely nonsoluble 

in pyridine, which shows the structure change. 
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4.3 Infrared Analysis 

The chemical change has been confirmed upon analyzing their 

infrared spectra also. The IR were similar for all unreacted 

lignite samples. IR analysis only produces the qualitative 

results, especially for the complex mixtures. A typical spectrum 

is presented in Figure 12. Infrared analysis of the precipitated 

acids showed the absorption band 3330°A, 2958 to 2893°A, and 

1722 to 1757 A, which shows the corresponding presence of an OH 

group with a sharp peak, C-H bond, and C=0 bonds mainly present. 

Comparing the standards of oxalic acid dihydrate and oxalic 

acid, interesting results were obtained. The C-H and -OH peaks 

coincide with oxalic acid dihydrate, while C=0 coincides with 

oxalic acid or acetic acid. The acid soluble filtrate was also 

further analyzed. Concentrated chloroform soluble parts gave 

peaks showing the presence of -OH and C=0 bond. 

The spectra of unreacted lignite and solid acid products do 

not represent any clear structure, as shown in Figures 13 and 

14. The IR was similar for all unreacted lignite samples. All of 

these bonds determine the highly oxygenated and saturated 

structure for the extract, indicating that the subtraction of 

oxygen functionality is one of the mechanisms for the alkaline 

liquefaction of lignite. 
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4.4 Mathematical Model 

Several computer programs were written to use the Simplex 

method to extract the approximate kinetic parameters for the 

laboratory data. A copy of the program can be obtained from 

Gokalgandhi's thesis (39). The mathematical technique selected 

was not completely successful in retrieving the kinetic 

parameter from the experimental data. Gokalgandhi (39) found 

that there are several sets of kinetic parameters that can be 

obtained for successive reaction sequences that can reproduce 

the experimental data obtained in a 3-temperature level 

experiment. Furthermore, the convergence is slow, requiring the 

computation in the average of 600 points for the Simplex, 

requiring about 1 minute of mainframe CPU use. 

For the first order model, no reliable kinetic parameters 

were obtained. A change in the algorithm requires neglecting the 

induction period, using only the isothermal portion of the 

experimental data. The kinetic parameters calculated are given 

in Table 1 of the Appendix, and the comparison between the 

experiment and the model is given in Figures 15 and 16. From 

this graph, it can be noted that the model is not adequate at 

higher temperatures, where it predicts a sharp drop in the 

solubles. 

For the second order model, two sets of kinetic parameters 

are reported in Table 1 of the Appendix. They correspond to the 
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analysis of all experimental data and only from the isothermal 

part. Their agreement is wery good, and it can be proposed that 

the model represented by equations (2), (3), and (4) can 

represent the kinetic behavior of alkaline lignite liquefaction. 

A comparison between the experiment and model is given in 

Figures 17 and 18 for the isothermal section, and Figures 19 and 

20 for all of the time-temperature data. From the analysis of 

these graphs, it is evident that the model is not complete, but 

it can serve as a basis for future developments. 

The low activation energy reported for the first dissolu

tion reaction, coupled with the second order model and the 

change of chemical structure of the extracted lignite, rules out 

a physical phenomenon, like peptization, as the basic mechanism 

for liquefaction. This fact confirms the basic liquefaction 

mechanism as the breakage of very weak acid-base bonds with a 

bonding energy of around 3000 kcal/gmol. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

The conclusions drawn from this study are: 

(1) Up to 91% of organic material can be recovered at 160°C 

for 0.5N alkali concentration. This will confirm the 

premise that the lignite can be liquefied at low 

temperatures with alkaline solutions. 

(2) The drop in liquefaction yields after 5 hours indicate 

some kind of chemical reaction of the soluble material, 

or some other unidentified physical phenomenon, that 

precipitates the lignite from solution. 

(3) A yery small reaction time (5 minutes) at 0.5N alkaline 

solution and room temperature showed as low as 2% 

lignite conversion. For a 9 day reaction tme, 10% 

lignite conversion was obtained at room temperature. 

So, it appears that higher thermal energy is required 

to break the bonds and restructure the molecules. 

(4) Comparisons between the extraction yields for 0.5 and 

0.25N sodium hydroxide solutions indicate that there is 

a strong correlation between ionic strength and 

extraction yields, or preasphaltene production. This 

48 
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can lead one to assume that the breakage of weak 

acid-base bonds is the main mechanism for the alkaline 

dissociation of the lignite, and oxygen functionality 

keeps the fragments in solution due to their interac

tion with the caustic ions. 

(5) The precipitate had a brighter color than the original 

lignite. The material is partially soluble in pyridine 

and tetrahydrofuran. Pyridine extraction yields, as 

high as 13 grams of organic, were found at 160°C. At 

higher temperatures, more asphaltenes are obtained. 

(6) Infrared analysis of the precipitated acids showed the 

absorption band 3330°A, 2958 to 2893°A, and 1772 to 

1757 A, which shows the corresponding presence of OH 

group with sharp peak, C-H bond, and C=0 bonds mainly 

present. The spectra of unreacted lignite and solid 

acid products do not represent any clear structure. The 

IR were similar for all unreacted lignite samples. All 

of these bonds determine the highly oxygenated and 

saturated structure for the extract, indicating that 

the subtraction of oxygen functionality is one of the 

mechanisms for the alkaline liquefaction of lignite. 

(7) For the first order model, no reliable kinetic 

parameters were obtained. It can be noted that the 

model is not adequate at higher temperatures, where it 
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predicts a sharp drop in the solubles. For the second 

order model, two sets of kinetic parameters are 

reported with good agreement. From the comparison 

between the experiment and model for all the time-

temperature data, it is evident that the model is not 

complete, but it can serve as a basis for future 

developments. 

(8) The low activation energy reported for the first 

dissolution reaction, coupled with the second order 

model and the change of chemical structure of the 

extracted lignite, rules out a physical phenomenon like 

peptizatin as the basic mechanism for liquefaction. 

This fact confirms the basic liquefaction mechanism as 

the breakage of wery weak acid-base bonds with a 

bonding energy of around 3000 kcal/gmol. 

5.2 Recommendations 

Recommendations for further study are: 

(1) A particle size of 500-700 micron was used for all 

experiments in this work. Different particle sizes can 

be used to explain mass transfer dependency for the 

reaction kinetics. 

(2) The samples used here were dried in a vacuum oven at 

110°C for 3 hours for the data consistency. Initial 
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drying may cause changes in the chemical structure. To 

study this effect, experiments should be carried out 

with moist lignite. 

(3) It has been found that up to 10% higher yield can be 

obtained by bubbling the oxygen in the reactor. Oxygen 

may help to avoid the drop in the soluble after 5 hours 

and increase the forward reaction yield. This factor 

should also be studied. 

(4) To make the process economical, a method of solution 

recovery should be developed. The extraction of 

precipitates with COp should also be studied. 

(5) Detailed analytical methods for product analysis can 

help to understand the actual reaction mechanism. 

(6) Lignites with higher ash content may also give high 

organic recovery by using alkaline solvents. Ash 

content of the acid product is less, so more experi

ments should be carried out. It is cited in the 

literature that sulfur percent also decreases. 

(7) Long term reactions at ambient temperature should be 

carried out to obtain kinetic data for this condition. 
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Table 1. Kinetic Parameters by Mathematical Model 

Model 

Parameter 

First Reaction Second Reaction 

E K E K 

F i r s t order 
isothermal 

Second order 
a l l regions 
isothermal 

3095 

2957 
2930 

0.86 

1.90 
1.24 

6440 

14170 
18850 

1.061 

0.793 
0.595 
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Table 2. Experimental Data 

Expt. 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

16 

17 

18 

19 

20 

21 

22 

Temperature 
Degree C 

160 

160 

160 

160 

160 

160 

160 

130 

130 

130 

130 

130 

130 

130 

100 

100 

100 

100 

100 

100 

100 

Time 
Hour 

0 

1 

2 

3 

5 

7 

8 

0 

1 

2 

3 

5 

7 

8 

0 

1 

2 

3 

5 

7 

8 

Reacted 
Lignite, % 

52.7 

60.2 

65.4 

75.2 

89.4 

86.8 

76.7 

42.1 

58.3 

65.5 

71.4 

80.3 

77.2 

70.8 

21.2 

41.8 

51.4 

57.5 

75.6 

74.8 

69.2 

Acid 
% 

42.2 

55.4 

61.3 

64.1 

81.1 

71.6 

65.1 

33.3 

50.0 

45.8 

61.7 

78.6 

70.2 

62.7 

20.0 

30.7 

41.3 

48.6 

71.2 

65.1 

60.3 
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Table 3. Extraction Analysis of 0.5N NaOH 

Solubility in Pyridine, % 

Time 
Hours 

0 

1 

2 

3 

5 

7 

8 

160°C 

37.4 

17.0 

41.0 

50.2 

36.5 

28.5 

28.3 

130°C 

14.3 

20.1 

19.4 

12.8 

28.5 

8.1 

15.2 

100°C 

4.7 

9.4 

12.9 

6.2 

8.0 

4.4 

9.3 
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Table 4. Extraction Analysis of 0.25N NaOH 

Solub i l i t y in Pyridine, % 

Time 
Hours 

0 

1 

2 

3 

5 

7 

8 

160°C 

10.4 

31.7 

42.9 

30.4 

24.5 

35.1 

30.0 

130°C 

19.8 

13.6 

10.6 

21.6 

16.3 

19.7 

16.6 

100°C 

22.1 

26.4 

7.9 

14.2 

4.6 

10.7 

5.7 
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Time 
Hour 

0 

1 

2 

3 

5 

7 

8 

Time 
Hour 

0 

1 

2 

3 

5 

7 

8 

Table 5. Ash Analysis of Acid Precipitates 

0.5N NaOH Solution 

Ash 

160°C 

8.4 

5.7 

5.4 

10.7 

12.2 

9.7 

8.2 

Content, % 

130°C 

6.8 

9.1 

4.6 

11.5 

7.7 

5.7 

8.5 

100°C 

3.9 

11.6 

8.5 

9.6 

8.6 

6.2 

11.8 

0.25N NaOH Solution 

Ash 

160°C 

7.2 

8.7 

5.7 

11.5 

12.6 

9.8 

11.7 

Content, % 

130°C 

6.5 

11.8 

9.4 

5.6 

11.6 

6.6 

12.0 

100°C 

38.4 

12.2 

10.1 

9.6 

8.5 

6.5 

11.1 
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Time 
Hour 

0 

1 

2 

3 

5 

7 

8 

Time 
Hour 

0 

1 

2 

3 

54 

7 

8 

Table 6. Ash Analysis of Unreacted Lignite 

0.5N NaOH Solution 

Ash Content, % 

160°C 

17.9 

21.7 

18.4 

16.9 

9.3 

40.5 

14.9 

130°C 

19.5 

17.5 

18.2 

17.0 

9.4 

21.6 

34.2 

100°C 

17.7 

6.9 

5.1 

17.5 

20.1 

16.5 

9.8 

0.25N NaOH Concentration 

Ash Content, % 

160°C 

7.0 

16.6 

9.1 

17.2 

12.7 

21.1 

34.7 

130°C 

10.0 

10.0 

17.4 

6.9 

8.0 

31.9 

21.0 

100°C 

9.3 

20.7 

18.1 

15.0 

14.5 

17.9 

9.1 
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Table 7. Proximate and Ultimate Analysis for Lignite (38) 

Proximate Analysis 

Moisture 

Volatile Matter 

Fixed Carbon 

Ash 

Ultimate Analysis 

Hydrogen 

Carbon 

Nitrogen 

Oxygen 

Sulfur 

Ash Analysis 

Si02 

AI2O3 

CaO 

MgO 

Na20 

K2O 

FeoO-3 
2 3 

MnO 
TiO^ 

2 
SOo 

Texas Wilcox 

32.2 

27.9 

25.8 

12.5 

6.4 

38.9 

0.7 

39.3 

0.7 

37.0 

11.0 

11.0 

2.1 

0.37 

0.53 

6.9 

0.16 

1.0 

11.0 

Gulf Lignite 

36.9 

25.2 

20.2 

13.7 

6.7 

32.1 

0.6 

42.7 

0.7 

44.0 

14.0 

6.5 

1.7 

0.3 

0.55 

5.7 

0.09 

1.1 

7.7 




