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SUMMARY

Experimental effort for the program to evaluate physical properties of kraft

black liquors is now proceeding well. Experimental work includes pulping, liquor

analysis, lignin purification and characterization, vapor-liquid equilibria, heat

capacity, heats of solution and combustion, and viscosity measurements.

Measurement of thermal conductivity has not yet begun. Collection of the data

necessary for development of generalized correlations is proceeding, but will

require about two more years.
I

The digester is operating very well. It is now possible to operate the

digester as a closed, rotating reactor or as a batch reactor with liquor circulation.

When operated with liquor circulation, temperatures within the chip bed can be

monitored during cooking. Cooking is reproducible, and cooks are being

performed to produce liquors for experimental studies. The digester could be fur-

ther modified to permit us to conduct rapid exchange batch pulping or to permit us

to simulate continuous pulping.

Liquors to be used in experimental studies are concentrated in our large

scale evaporator or in our small scale evaporator. The large scale evaporator is used

to concentrate liquors to about 50% solids for storage and for use in studies

requiring high solids liquors. The small scale evaporator is used for preparing final

samples to as high as 85% solids and for measuring vapor-liquid equilibria.

Liquors are now routinely analyzed to determine "allcomponents, except

higher molecular weight organic acids and extractives. Lignin determination by_

UV-visible means has been improved. Lignin purification from black liquor has

been improved and lignin molecular weights are determined routinely. Work on

lignin molecular weight distribution is still not satisfactory, but recent developments

holds promise.



Comprehensive measurements of thermal properties are proceeding. Vapor-

liquid equilibria are determined m our small scale evaporator at concentrations up to

as high as 85% solids in some cases. Results indicate that the heat of vaporization
_

is nearly constant. Heat capacities and heats of solution are being determined for

black liquor solutions with the use of our DSC and adiabatic calorimeter. Heats of

combustion are being determined for black liquor solids. These data are needed for

development of complete enthalpy-concentration relations. Densities and thermal

expansions are being determined routinely. It is now possible to make these

measurements at solids concentrations up to about 80%.

Viscosity measurements for liquors are now being made at concentrations

up to 85% solids. It is now possible to make measurements directly at all

conditions of concentration, temperature, and shear rate that are likely to be

experienced in recovery systems. A data bank of viscosity results for liquors is

being developed as rapidly as possible. This work requires the use of eight

viscometer configurations to obtain complete data for one liquor.

Our program is now proceeding smoothly. However, the labor necessary

for cooking and liquor concentration is much greater than was estimated, and the

labor needed for complete study of properties is large. Also, the delays in

beginning the program, caused primarily by the decision of the University

administration to build a new structure to house our digester and evaporator, have

not been overcome to date. Work is in progress on a planned basis to accelerate data

collection and data reduction as much as possible.
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DIGESTER

As reported in our progress summaries and in our July, 1989 Summary

Report to DOE, our batch digester is operating very well. Full details of the

components of the digester system with a process schematic and process control

description are given in the July, 1989 Summary Report, and we will not repeat the

description. Only modifications, procedures, or explanation of process problems

will be described.

The digester has been operated a considerable number of times as a closed,

rotating autoclave. There have been no problems experienced in consistently

loading chips with the chip basket we are using nor in handling white liquor. After

the digester is loaded with the chip basket, the steam to the jacket is started and the

digester heated with the vent open to expel air. Alternatively, air can be removed

from the digester by vacuum. After is is vented from the digester, white liquor is

pumped into the digester through the batch meter. About 1-2 minutes are required

to load white liquor, and the white liquor is metered to within + 0.1% of the volume
|

charged. We have found the Foxboro batch meter to be extremely reliable, I

reproducible and accurate. After loading of white liquor is completed, rotation of I
I

the digester is begun and continued at constant speed during the completion of the

heat-up and cooking cycle. ,1
Due to rotation of the digester, the temperature within the digester cannot be

I
_

measured while the digester is rotating. However, measurements were made in I

preliminary experiments with the digester full and stationary to determine the heat
i

up time and temperature difference between the digester contents and the

condensing steam temperature in the jacket as a function of condensing steam

temperature. The digester responded as a first order system. The time constant for

the system was calculated and the steam controller tuned to yield a heat up time of

about 10 minutes and a temperature control band of + 1°F or better with no offset..



I When the cooking cycle is completed, the rotation is stopped, the digester is

connected to the evacuated receiver, and the liquor is drained into the receiver

within 10 seconds or less. The time necessary to connect the digester to the

receiver introduces some variation. This normally requires about one minute for
two people. The time necessary for connection is counted as cooking time, even

though the digester is stationary, since the chips and liquor are in contact at the

cooking temperature.

I After draining the black liquor, the digester drain Value is closed, and wash

water at 160-180°F is metered into the digester. The wash water is held in contact

with the chips for 10 minutes and then drained into the receiver and combined with

the black liquor. This washing procedure is repeated to give a combined black
liquor product consisting of the drained black liquor plus two volumes of wash.

I This product contains about 97+% of the soluble solids from the cook and has a

concentration of 6-13% solids, depending upon working conditions. The

combined liquor and washes are cooled in the receiver to about 85-95°F and then

discharged throagh a 5m polishing f'tlter into a portable plastic tank. The receiver is

equipped with a vent to release gases under flow control to a burner to oxidize

volatile reduced sulfur compounds before release to the atmosphere. However, use

of this system has been found to be unnecessary, since the small quantity of these

gases can be diluted with air in the vent line so that there is no detectable odor

I within about 20 feet of the digester building during venting.
While the combined black liquor and washes are being cooled in the

receiver, additional wash water is added to the digester. After the combined blackliquor and washes are discharged from the receiver, the additional wash water is

drained from the digester to the receiver, and the pulp in the digester is further

p washed with hot water that is fed to the digester on flow control through the batchmeter. About 100 gallons of final wash water is used. After sampling, this final

!
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1

wash water is discharged through the polishing filter to the sewer which feeds into

the University sewage treatment system.

The head is removed from the digester, the chip basket is removed from the

digester, and the chips unloaded from the basket.

A very reasonable material balance can be performed; there is a problem in

determining the oven dry weight of pulp produced due to oven volume limitations.

The quantifies charged can be determined quite accurately. The chips to be used are

thoroughly mixed and moisture determined for three samples of 300-500 grams

each of the chips. The wet chip load is about 63-70 lbs + 0.1 lbs. Fresh white

liquor is made for each cook at a concentration of chemicals needed to yield the

proper sulfidity and effective alkali at the liquor-to-wood ratio to be used.

Normally, 12-16 gallons of white liquor is loaded. This quantity is metered at an

accuracy of better than ± 0.02 gallon; therefore, metering is accurate to within +

0.2% or better. The two initial washes are also 12-16 gallons each and are metered

into the digester at the same accuracy. Thus, the uncertainty in oven dry wood

charged is about + 0.1 lbs. The total charge, including the two washes is about 375

lbs + 0.6 lbs.

Determination of masses and solids contents of product streams is more

difficult. It is impossible for us to dry the entire pulp batch. Three samples of the

pulp are dried, but the variation is ± 0.4% for the samples vs. about ± 0.15% for

the chips. Thus, our uncertainty in determining the mass of oven dry pulp is about

± 0.3 lbs out of about 32 lbs or about ± 1%. Liquid products, the combined black

liquor and two washes and the final wash, can only be determined within about ±

1% and ± 0.3%, respectively. The solids contents of these liquid products can be

determined with an accuracy of better than ± 2% of the composition. As worst, the

material balance on solids can be in error by about 2% and the yield can be in error

by about 2.4% with the methods now in use.

_
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i After considerable development, a liquor circulation system has been

installed and is being used successfully. This system permits us to use the digester

as a circulating batch digester. It also permits us to measure temperatures within the

chip bed during digestion. The key to this system is a canned centrifugal

chempump that is capable of operation at up to 400°F and 300 psi. However, this

pump must be protected. The circulating loop contains a screen filter with a
minimum mesh size of 80 mesh to prevent chips and fibers from entering the pump.

The seal between the pump casing and pump can is fed with water metered with a

Lapp pump with pressure controlled to provide a small differential pressure across

the seal to prevent leakage of liquor into the pump can. The system has been

I designed and is operating to provide a leakage of water from the can into the liquor
of about 2 ml per minute during operation. The pump is capable of providing a

liquor rate more gpm, gives a liquor turnover rate
circulation of than 30 which of

24-32 seconds. The liquor contained in the circulation loop (outside the digester) is

about 3-4%.

This system has a number of advantages over using the digester as a
rotating autoclave. Since temperature can be measured within the digester, the heat

rate and be measured instead of beingup digestion temperature can directly,

indirectly determined from process control calculations. Temperature is measured

at four points within the digester during cooking. Experimental work has shown

these temperatures to be identical within normal measurement error. The cooking
time can be controlled more precisely and washing can be accomplished more

conveniently, since no piping connections must be changed after cooking begins.

The cook is ended by opening the drain valve to the receiver; thus, cooking time can

I vary by only about 10 seconds or less. Wash water can be circulated through the

i chip bed to give more effective washing. As a result, the cooking time, heat up

I
7
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I
time, and cooking temperature are determined much more precisely with this system I

and results show that the cook is uniform within the chip bed.

Further future improvements and additions are planned. When funds are

available, a strain gage pressure indicator will be added to permit digester pressure

to be measured accurately and recorded. This will cost an additional $850 to install.

A second chip basket will be fabricated to speed up operation. This will cost

approximately $3000. Two additional 50 gallon liquor tanks rated at 300 psi at

400°F will be installed and mounted on load cells. These tanks will be piped

through a manifold to the black liquor circulation pulp and through the Foxboro

batch meter. With this system, black liquor could be exchanged during pulping to

permit us to perform rapid exchange batch pulping or to simulate continuous

pulping. The estimated cost for this addition is $23,000. Also, we would like to

install a flow meter on the circulation loop to be able to measure the liquor

circulation rate. This could cost up to $6000. Finally, the system has been

designed to permit us to install a chip blow tank. If this were done, the washing

procedure could be changed in the future. Installation of a chip blow tank with

filter screens and wash piping would cost an estimated $10,000. Thus, future

modifications to provide a totally flexible pilot plant digester for pulping would cost

an estimated $43,000. It is worth noting that such a facility would have general

pulping capability, not just capability for kraft pulping, and could even be used for

biomass conversion with only minor modifications.

Thusfar, a considerable number of kraft pulping cooks have been made in

both the rotating and circulating modes of batch operate.on. Considerable

experimental time was consumed in developing procedures, calibrating elements of

the system, and performing trial experiments. About six trial cooks were made for

calibration and for development of procedures were completed before satisfactory

results were obtained. Since that time, nineteen successful cooks have been made.



The conditions for the successful cooks and the results are given in Table 1. These

cooks were all made with slash pine chips with the vdlite liquor adjusted to an 85%

causticizing efficiency and a 95% reduction efficiency. The liquor-to-wood ratio

used was 4/1 in all cases.

Initially, there was some difficulty in determining Kappa number at Kappa

numbers above 60. Using the exact procedure as specified by TAPPI, there was

insufficient time for reaction with lignin in the pulp at these low levels of lignin

removal. Extension of the time for reaction during the Kappa number test yielded=

more reproducible and apparently more accurate results. This modification of the

TAPPI procedure is now being used for determinations when high Kappa numbers

are expected.

Pulping requires significantly more manpower than had been anticipated.

The steps required for performing a cook with material balance are:

1. Mix chips, sample, and determine chip moisture.

2. Load known weight of chips into basket and load basket into
digester.

3. Calculate white liquor chemical requirements, weigh chemicals, and

load into white liquor tank with metered volume of water.

4. Mix and heat white liquor.

I 5. Evacuate digester and receiver.
6. Conduct cook.

7. Wash pulp with two metered volumes of water.

8. Cool black liquor plus two washes in receiver to below 95°F;

I discharge liquor through filter into portable storage tank.

I
I
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TABLE 1
Conditions and Results for Kraft Cooking of Slash Pine

Liauor Code _ _ _ _ .Kappa No.
.

ACAFX007 12.5 14.5 340 60 25.8

ACAFX008 27.5 14.5 340 60 43.5

ACAFX009 27.5 14.5 340 20 96

ACAFX010 27.5 17.5 340 60 30.9

ACAFX011 42.5 14.5 340 60 36.5

ACAFX012 27.5 11.5 340 60 92

ACAFX013 27.5 11.5 340 60 90.7

ACAFX014 27.5 14.5 320 60 93

ACAFX015 27.5 14.5 360 60 17.5

ABAXX001 27.5 14.5 340 60 39.6

ABAXX002 27.5 14.5 340 60 44.8

ABAXX003 27.5 14.5 340 60 47.2

ABAXX004 27.5 14.5 340 20 99.3

ABAXX005 27.5 14.5 340 100 25.4

ABAXX006 27.5 14.5 320 60 91.7

ABAXX007 27.5 14.5 360 60 24.6

ABAXX008 27.5 11.5 340 60 91.8

ABAXX009 27.5 17.5 340 60 25.4

ABAXX010 12.5 14.5 340 60 24.6

*ACAFX represents kraft cooks of slash pine in rotating digester.
ABAXX represents kraft cooks of slash pine with liquor circulation.

10



9. Wash pulp with about 100 gallons of metered water, mix water in

receiver, sample water, and discharge water through filter to the

sewer.

10. Weigh portable storage tank containing black liquor plus two

washes to determine mass and sample ]Liquid.

11. Open digester, remove chip basket, unload pulp, mix pulp, weigh,

and take three samples for moisture and Kappa number

determination.

12. Determine percent solids of black liquor plus two washes and of

final wash.

13. Determine moisture and Kappa number for three pulp samples;

report average values.

14. Reported data to include pulping conditions, chip load and moisture,

liquor masses and percent solids, pulp mass and moisture, and

tL Kappa number and yield.

1
A cook requires 3.7 - 4.5 man-days of effort to complete. As designed, a cook

i normally yields about half of the black liquor needed for a complete study of

IL

properties; that is, a cook normally yields 3 - 3.6 gallons of black liquor at 50%

solids. This scale of operation was chosen purposely to conserve capital and to

I require duplication of cooking for those conditions chosen for exhaustive testing of
black liquor properties. Thus, each pulping condition requires 7.4 - 9 man-days of

effort, or 1.5 - 1.8 man-weeks of effort to complete. Our maximum yearly capacity

at present is 27-33 cooking conditions if a technician is used full-time for pulping.

I At present, only about 70% of a full-time technician is devoted to this work;

I therefore, our expected rate is 19-23 cooking conditions per year. This rate could
be increased to 40-50 per year if another technician and a second chip basket were



q
tim

available. This would cost the project an additional estimated $3000 for capital plus i
It

$28,000 per year for labor, d
II

Over the next two years, we anticipaterunning 38-46 new pulping /
conditions under present circumstances. These, with conditions already run and /

1with additions of mill liquors, should provide a data base of 60-80 liquors. If

funds were available for additional manpower, this could be increased to a data base I

of 80-100 liquors.

LARGE SCALE EVAPORATOR

Liquors made in our experimental digester and liquors received from mills

that are to be incorporated into our properties work are concentrated in our large

scale evaporator system to 40-50% solids for use. Two black liquors made at the

same cooking conditions are combined if the Kappa numbers, yield, and chemical

analyses results are the same. This liquor is then concentrated in our Artisan

evaporator system, described in our July, 1989 report, to 26-30% solids and soap

is separated from the concentrated liquor. Control of this system is very good.

Normally, the evaporator is operated at 0.4 atmospheres absolute (5.88 psia) with a

jacket steam pressure of 1.61 atmospheres absolute (23.7 psia) and a liquor feed

rate of about 0.27 liters per minute (0.071 gpm) yielding a concentrated liquor and a

clear, nearly water white condensate. The time necessary for evaporation of the

combined liquors is 16-20 hours, or 2 - 2.5 days. The rate is limited, because a [

significant portion of the scraped heat exchanger surface is used to heat the feed 1

liquor to boiling. This rate could be increased by 20-30% if a feed preheater were 1

added to heat the liquor feed to the boiling temperature before introduction into the

evaporator. Estimated capital cost for addition of the preheater plus controls is

$4300 - 4800. Because of this cost, a preheater has not been added.

12



The concentrated, soap separated black liquor is rerun in the large scale

evaporator to concentrate the liquor to 40-50% solids for cold storage and for use in
i

properties studies. The same evaporator pressure and jacket steam pressure used in

I previous step are evaporation step, liquor rate can
the used for this but the feed be

increased slightly to an average of 0.34 liters per minute (0.09 gpm). The average

I time necessary for this concentration step for the combined black liquors is about 3

hours or 0.38 days. Thus, concentration of liquors from two experimental cooks
of from a mill requires about 2.5 - 3.0 days. At present, this is not a bottleneck,

I since to the for concentration requires 7.4 - 9 man-days.cooking produce liquor

Even if cooking is accelerated as proposed in an earlier section, the large scale

evaporator will have sufficient capacity without addition of a preheater. Therefore,

addition of a preheater is a low priority item.

While the evaporator system runs quite well after start-up, it cannot be left

to run completely unattended. It is attended by the technician performing cooking,

but start-up, clean out, and soap separation does require about an additional man-

day of labor per concentration. Thus, cooking and concentration require 8.4 - 10

man-days per cooking condition.

The black liquor that has been concentrated to 40-50% solids is packaged in

18.9 liter (5 gallon) HDPE containers and stored at about 4°C (40°F) until used for

properties studies.

p LIOUOR ANALYSIS
Chemical analysis of the black liquors andmolecular weight characterization

p of the lignin separated from black liquor are very important parts of our totalprogram, since our ultimate goal is to relate physical properties to black liquor

p composition. A secondary, but important, goal of this part of our program is to
relate black liquor composition to pulping conditions. Since we are conducting

P
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rather exhaustive, statistically designed, multi-variable, multi-level pulping

experiments, we should be able to also relate black liquor composition to pulping

conditions. This will yield the first complete study of pulping that relates both

liquor composition and pulp yield and delignification data to pulping conditions.

Analyses can be divided into six categories:

1. Inorganic Anions

2. Inorganic Cations

3. Low Carbon Number Organic Acids

4. Lignin

5. Lignin Molecular Weight

6. TAPPI Tests

The only components that are not being analyzed for on a routine basis or for which

a method is not under development are high carbon number organic acids and

extractives. For any one wood species, these do not seem to vary much with

conditions of kraft pulping that would be used commercially. Since there are

practical limits to capital, expertise available, and manpower, these components are
-

not determined on a routine basis.

INORGANIC IONS

The concentrations of inorganic anions in the black liqtior are completely

determined, principally by the chromatographic methods developed in our earlier

program, which methods have now been accepted as standards for analysis by

TAPPI. Continued improvements in techniques, columns, and calibrations have

been made, and the inorganic anions (with the exception of sulfide) are determined

by our ion chromatography methods. Determinations require three separate

14



chromatographic analyses with each made with different columns or carders.

Inorganic anions determined by ion chromatographic methods are: sulfate, sulfite,

thiosulfate, carbonate, oxalate, and chloride. These are determined for the black

liquor as obtained from the digester and are normally reported as gms/gm solids.

While an ion chromatographic method for determination of sulfide in black

liquor was developed in our earlier program and has been adopted by TAPPI as a

standard method, we no longer use this method. The method is complex and

requires extreme care in diluting and manipulating the sample to be analyzed in

t order to obtain precise and reproducible results. We have developed an easier and

more reliable method to determine sulfide ion concentration in black liquor. This

I method is based upon use of an ion selective electrode. Our recent work has shown

I that the response of the electrode used is not affected by other black liquor ions (the
electrode is selective for sulfide at better than 1000/1 in the presence of other anions

in black liquor) and be used to obtain results of
can quantitative over a range

concentrations from less than 1 x 10-4 moles/liter to about 0.2 moles/liter. Full

details for this method are to be included in a publication being prepared.

Anion concentrations of black liquors being used for our properties studies
are presented in Table 2.

I
INORGANIC CATIONS

The concentrations of inorganic cations that are always present in black

liquor--sodium, potassium, calcium, and magnesium--are determined for every
black liquor studied. Occasionally, the concentrations of aluminum and iron are

determined, if there is reason to suspect these ions to be present in significant

quantities; concentrations of these ions are usually determined for black liquors

from mills that are included in our properties study. The concentrations of all

cations, except sodium, are determined by atomic absorption analysis methods.
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TABLE2 (continued)

Lab 1I): ACAFX012 ACAFX013 ACAFX014 ACAFX015

Type: pt,e-evap, pte,.evap, p_evap, pte-evap.

Components,g/g solids

chloride .000388 .000395 .000417 .000359
sulfite .00548 .000807 .00270 .00244
sulfate .0538 .0372 .0451 .0150
oxalate .00308 .00696 .00593 .00179
thiosulfate .00193 .0458 .0627 .0302

.0560 .0498 .0455 .0381
lactate/glycolate .0365 .0435 .0300 .0306
formate .0557 .0463 .0436 .0405
acetate .0367 .0258 .0290 .0237
sulfide .0184 .00894 .00393 .0122

Lignin .383 .405 .285 .370

aluminum .0000369 .0000410 .0000358 .0000441
.000220 .000169 .000144•.. calcium .000169

iron .0000738 .000118 .0000554 .0000279
magnesium .000184 .000154 .000179 .000197
phosphorus .0000621 .0000386 .0000586 .0000395
potassium .000796 .000578 .000782 .000627
sodium .15336 .13504 .13402 .10228

pH 11.92 13.06 13.51 13.01
%solids,% 10.3 8.30 6.14 8.61
sulfatedash, %
residualactivealkali 6.12 2.95 3.21 2.49



TABLE 2 (continued)

Lab ID: ABAXX001 ABAXX004 ABAXX004 ABAXX005 ABAXX005
duplicate run duplicate run

Type: pre-evap, pre-evap, pre-evap, pre-evap.

Components, g/g solids

chloride .00458 .00387 .00342 .00474 .00487
sulfite .00811 .00947 .00386 .0109 .0104
sulfate .012f_ .0123 .00958 .0162 .0135
oxalate .00_ 76 .00237 .00218 .00498 .00288
thiosulfate .00881 .0442 .0589 .0382 .00969
carbonate .0361 .0484 .0572 .0643 .0571
lactate/glycolate .0344 .0311 .0220 .0452 .0371
formate .0378 .0407 .0285 .0471 .0390
acetate .0198 .0299 .0219 .0230 .0199
sulfide .0170 0 .00387 0 .0217

Lignin .363 .2850 .305 .280 .390

o_ aluminum
calcium .000130 .000141 .000169 .000130 .000169
iron

magnesium .000169 .000171 .000213 .000798 .000335
phosphorus
potassium .000369 .000396 .000506 .000793 .000444
sodium .1766 .1642 .1972 .1751 .1756

pH 13.01 12.88 13.08 11.87 13.04
%solids, % 14.42 7.42 7.76 4.42 14.04
sulfated ash, % 36.6 36.7 38.6 35.4 36.0
residual active _ 10.8 5.42 6.30 2.31 6.36
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TABLE2 (continued)

LabID: ABAXX006 ABAXX006
duplicatenm

Type: pre-evap, pre-evap.

Components,g/g solids

chloride .00537 .00454
sulfite .0101 .00754
sulfate .0132 .0150
oxalate .00245 .00260
thiosulfate .0332 .0312
cadxmme .0611 .0610
lactate/glycolate .0316 .0234
formate .0436 .0398
acetate .0257 .0256
sulfide 0 0

Iignin .289 .306i,,.a
_D

aluminum
calcium .000570 .00144
iron
magnesium .000480 .000232
phosphorus
potassium .000450 .000527
sodium .1784 .1832

pH 12.53 12.92
%solids, % 2.98 7.51
sulfatedash, % 32.3 35.7
residualactive alkali 1.85 4.92



These are standard methods and can be used with no problems for analysis of black

liquors.

Because of the high concentrations of sodium in black liquors, it is difficult

to obtain precise results by using atomic absorption methods. After extensive trials,

an ion selective electrode was found that is highly selective for sodium ion in black

liquor, that is stable for long periods of time, and that yields a logarithmic linear

response over a very wide range of sodium ion concentration. With our technique,

sodium ion concentration can be accurately determined from about 5 moles/liter to

less than 5 x 10-2 moles/liter.

Cation concentrations are normally reported as gm/gm solids in black

liquor. Cation concentrations of black liquors being used for our properties studies

are presented in Table 2.

LOW CARBON NUMBER ORGANIC ACIDS

The concentrations of formate, acetate, lactate, and glycolate in black liquor

are determined by direct ion chromatographic analysis of black liquor using

modifications of column and techniques for the method developed in our earlier

program. The method we developed has been adopted as a test method by TAPPI.

Low carbon number organic acid concentrations, reported as gm/gm of

black liquor solids, for black liquors being used in our properties studies are

presented in Table 2.

LIGNIN ANALYSIS

Lignin analysis is quite involved and very important to our work, since

lignin concentration and the molecular weight of the acid precipitatable lignin has

been shown to affect properties, particularly rheological properties. Also, lignin

analysis is important in interpreting pulping results. Extensive effort continues to

2O



I
t be devoted to improvement or development of methods. These are directed toward

determination of lignin concentration in black liquor, separation of lignin from black
liquor and purification, and molecular weight characterization of separated, purified

lignin. Work on lignin separation, purification, and molecular weight determination

will be discussed in a subsequent section.

Determination of lignin concentration in black liquor suffers from a number

of limitations, not the least of which is a lack of clear understanding and agreement
on exactly what lignin is. Therefore, a detailed study was performed. Purified

lignins obtained by acid precipitation from black liquor followed by purification by
washing, extraction, and freeze drying were used as standards. The purity, weight

I average and number average molecular weight, and GPC response of these lignins

were determined by methods to be described later. These lignins were dissolved in

caustic and instrumental analyses performed. UV-visible analysis proved to be the

most useful.

A study of the effects of lignin concentration, lignin molecular weight,

lignin source, temperature, solvent solution pH, presence of selected ions other

than sodium, and time on UV-visible response was performed. A summary of

results of this study has been reported in a recent paper (72). A Perkin-Elmer

Lambda 4C double beam UV-visible spectrophotometer with System 7 digitalcontrol is used. The instrument is equipped with a circulating temperature bath to

I maintain the sample and reference cells at constant temperature to within :1:0. I°C or

I better. The spectra were determined from 190 to 500 nm with a slit of 0.25 at a

scan rate of 60 nm/minute with a response of 3.

Spectra were determined for lignin dissolved in caustic, DMF, THF, andDMSO. In each case, the reference liquid was the solvent used. At room

p temperature, lignin exhibits a sharp absorption peak at the same wavelength, 283nm, in DMF, THF, and DMSO. For THF solution there is a second, maximum
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peak at 240 nm that does not appear for DMSO or DMF solutions. The UV-visible

spectra of softwood lignin in DMF, THF, and DMSO are shown in Figure 1. It

does appear that the guaiacol absorption band at about 280 nm is the most reliable

absorption for softwood lignin in organic solvents.

The UV-visible spectrum of purified softwood lignin dissolved in 0.1 N
r

NaOH (pH = 13) at 25°C is shown in Figure 2. The spectrum exhibits a broad

band of low level absorption between 190 and 210 nm, a sharp absorption peak
near 215 nm (in the 210-220 region), decreasing absorbance to about 270 nm, an

I absorbance "platform" between 270 and 300 nm, and slowly decreasing absorbance

thereafter. Also shown in Figure 2 are spectra for a mill softwood and an

experiment cook softwood liquor adjusted to pH = 13. These spectra show the

i same absorption peak at 210-220 nm and the same absorption "platform" at 270-
300 nm as does the purified lignin. The spectra for a mill hardwood liquor, also

shown in Figure 2, is different in that there is no absorption "platform" at 270-300
nm; however, there is a peak absorption at 210-220 nm.

Even though peak absorbance for both hardwood and softwood black

liquors occurred at 210-220 nm, the absorbance at 280 nm was chosen for analysis

for reasons that will be explained in detail.

I Since we are interested in developing a reliable method for determination of
lignin in black liquor, which as normally aqueous solutions, the most useful media

is caustic solution at high pH. We examined the spectra of 0.01 N (pH = 12) and

0.1 N (pH = 13) NaOH solutions. NaOH solution absorbs UV strongly in the low

wavelength range, and the absorption range extends to higher wavelengths as the

NaOH concentration is increased. However, no absorbance exists at above 240 nm

for NaOH concentrations up to 0.1 N. Therefore, absorbance of NaOH can

interfere at 210-220 nm. The absorbance for lignin at 205 nm and at 210-220 nm is

I

saturated at lignin concentrations of 0.02 gm/liter and 0.08 gm/liter, respectively.
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Furthermore,the relation between absorbanceat 205 nm and concentration of lignin

is not linear. For these reasons, the use of absorbance at 205 nm and 210-220 nm

arc not recommended as best for lignin determination.

Study was concentrated on the 270-300 nm band. The absorption

"platform" in this region is saturated at about 0.15 gm/liter for lignin. At

concentrations below 0.08 gm/htcr, the absorbance of lignin is linear with lignin

concentration in this region, as shown in Figure 3. Absorbance vs. lignin

concentration is shown in Figure 3 for results at pH = 13 and pH = 12. As can be

seen, there is a small effect of pH upon absorbance by lignin at pH >_12. This

effect was expected; therefore, a study of the effects of pH and method of sample

preparation was made. Our results indicate the solution to be analyzed should not

be diluted in such a way as to decrease the pH below 12 and preferably not below

13. When treated in this manner, lignin apparently cannot associate and absorbance

is only slightly affected by pH; above pH = 13, there is no effect of pH on

absorbance.

The effect of molecular weight on absorbance by lignin and the extinction

coefficient were studied in detail using lignins recovered and purified from kraft

softwood lignins. Five purified lignins were studied in detail. Purities of these

lignins were determined by analyzing for impurities by ion chromatography, atomic

absorption, and elemental analysis. The concentration of total impurities ranged
=

- from 4.38 to 5.42%. Metal ion content ranged from 0.037 to 0.049% with over

half of the metal ion present as sodium. Organic acid content ranged from 2.29 to

3.20%. Inorganic anions ranged from 0.54 to 1.00%. Total sulfur ranged from

0.95 to 1.52%. More than 0.5% of the sulfur appears to be chemically bonded to

the lignins, since it cannot be removed by physical means. Number average (Mn)

and weight average (Mw) mol_ular weights were determined for these lignins by

VPO and LALLS techniques developed earlier in this program. The ranges of

25
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t m m m mM n, Mw, and Mw / Mn for the five lignins used were 2,250 to 6,090, 14,000 to

i 48,300, and 3.53 to 17.3, respectively. Extinction coefficients for these five
lignins were determined in NaOH solutions at pH = 12 and pH = 13 for absorbance

I at 280, 290, and 300 nm. The results are given in Table 3. No dependence of
absorptivities on molecular weight or molecular weight distribution is discernable.

Absorptivities given have been corrected for lignin purity, assuming that the

i impurities present do not absorb in the 270-300 nm range. On the basis of these
results, an averaged corrected extinction coefficient of 23.7 (gm.cm)-1 at 280 nm

has been chosen for use in determining lignin concentration in solution.

The procedure adopted to determine lignin content in black liquors is as

follows:

l 1. Determine black liquor solids concentration by a modification of the

TAPPI method T650 pm-84 described earlier in our programreports.

2. Adjust the black liquor to a solids concentration of about 15% and apH = 13.

3. Weigh 1.0 gm of the adjusted liquor and dilute to 50 ml with 0. N

1

r NaOH and use as analytical solution.4. Prepare two dilutions of the analytical solution; dilute 1.0 ml of the

p analytical solution to 50 ml with 0.1 Na NaOH to form solution 1,and 2.0 ml of the analytical solution to 50 ml with 0.1 NaOH to

p form solution this will solutions with
2; yield two lignin contents

between 0.012 gm/liter and 0.054 gm/liter with solution 1 having

exactly twice the lignin concentration of solution 2.

5. Determine absorbances of solutions 1 and 2 at 280 nm and 25.0°C

I with 0.1 N NaOH as a reference.

27
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TABLE 3

UV-Visible Extinction Coefficients for Softwood Kraft Lignins

Lignin No. 2 4 16 9 1 AVG.

Mw x 10-3 2.38 4.17 6.09 4.06 2.25

Mn x 10-3 14.0 17.2 21.5 48.3 39.0

Mw/Mn 5.88 4.12 3.53 11.9 17.3

Extinction Coefficients, Experimental, 1/gm-cm.

pH= 13
280 nm 22.6 22.4 22.9 22.5 22.7 22.6

290 nm 22.8 22.4 23.2 22.8 22.8 22.8

300 nm 21.6 21.5 22.3 21.7 21.6 21.7

pH= 12

280 nm 21.7 22.4

290 nm 21.1 22.4

300 nm 19.0 20.9

Extinction Coefficients, Corrected for Lignin Impurities, l/gm-cm.

pH= 13
280 nm 23.7 23.5 24.2 23.6 23.7 23.7

290 nm 23.9 23.5 24.5 23.9 23.8 23.9

300 nm 22.6 22.5 23.6 22.8 22.6 22.8

pH= 12

280 nm 22.8 23.7

290 nm 22.2 23.7

300 nm 20.2 22.0

28



6. Calculate the lignin concentration in the analytical solution as percent

of black liquor solids by:

Xl = 10.54 A1/S

X2 = 5.27 A2/S

X = 1/2 (X1 + X2)

where:

S = % black liquor solids in analytical solution

A1, A2 = absorbances for solutions 1 and 2,

i respectively
X1, X2 = % lignin in black liquor solids in solutions 1

l and 2,

respectively.

I = % lignin in black liquor solids

I Values of X 1 and X2 agree within + 0.2% or less, usually within :t:

I O.1% or less.

I While the abs0rbance spectra for lignin from hardwood pulping is

obviously different and the detailed study that we have performed on lignin from

softwood pulping should be repeated for hardwood lignin, we believe that our

work can serve as a basis for estimation of lignin concentration in hardwood black

liquors. The extinction coefficients at 280, 290, and 300 nm for the hardwood

black liquors that we have studied are nearly the same for a black liquor and the

absorbance is linear with concentration at lignin concentrations estimated to be in



excess of 0.1 gin/liter of lignin. At present, we are using the extinction coefficient "

determined for softwood lignin at 280 nm to determine the lignin concentration in

hardwood black liquors.

The lignin concentrations of black liquors used in our properties studies, as

determined by the method described, are given in Table 2.

TAPPI TESTS

In addition to the analyses performed on black liquors that have been

described, a few other tests are performed as prescribed by TAPPI test methods.

The pH of the liquor plus washes or the liquor as received from the mill is

measured. The pH of liquors concentrated to 26-30% solids is also measured after

soap separation.

Solids concentration is determined by a modification of TAPPI T650-pm-

84. A sample of the liquor is diluted to about 15% solids or used as received. A

weighed amount of liquor is placed on glass filter pads contained in a small (about 6

cm dia) aluminum foil dish that have been preweighed. The liquor and dish are

dried to constant weight at 105°C (usually 4-10 hrs), allowed to cool in a dissicator,

and weighed quickly. The percent solids is calculated from the net loss in weight.

This analysis is performed in triplicate and the average percent solids reported.

Detailed statistical study shows that this result should be accurate to within at least

two parts per thousand, or within at least 0.03% solids at 15% solids. At 80%

solids, values are accurate within 0.16% solids or better.

Solids contents for the liquors used in our program as received or made are

given in Table 2. Solids contents reported in all properties work were determined

in this manner.

Although simple, solids concentration determinations consume considerable

effort, since this determination must be made for _ sample used.
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Sulfated ash is routinely determined for black liquors used in our program.

This is determined by the TAPPI method. Values determined for the black liquors

/ used in our prograrn are given in Table 2.

Residual active alkali is determined by the TAPPI method for black liquors
used.

I
LIGNIN MOLECULAR WEIGHT

I Determination of lignin molecular weight is very important. It is necessary

I to recover as much of the lignin as possible from black liquor in as pure a state as
possible. Recovery and purification are performed by acid precipitation and

I washing as previously described in earlier reports. The techniques used have been

refined and standardized to yieldslignins with purities above 98% currently without

I much change in the fraction recovered from black liquor. The purified lignins now

being recovered are a tan to light brown color as compared to a dark brown togreenish black color for lignins recovered in the past.

For the extreme pulping conditions of the experimental design for pulpingslash pine, the fraction of lignin recovered varies substantially from 56 to 75%.

This is not The fraction of purified lignin recovered for these pulping
unexpected.

conditions, expressed as percent of lignin contained in black liquor solids asdetermined by UV-visible analysis, is given in Table 4.

I Molecular Weight. Using VPO, number
blumber Average average

molecular weights (Mn) of the purified lignins, obtained by precipitation and
washing from the pulping liquors as described above, have been determined. As

before, Mn was measured by VPO using DMF as a solvent at 80°C and the values
determined were corrected for the effects of impurities. Corrected values

r determined are given in Table 4. It is worth noting that these values for the extreme

|



TABLE 4
Molecular Weights of Softwood Kraft Lignins

Lignin in Lignin
Liquor Black Liquor, Recovered, Mn Mw x 10"3 Mw/Mn

% %..........

ACAFX007 29.3 55.9 903 24.93 27.61

ACAFX008 28.1 75.1 601 18.93 31.50

ACAFX009 25.2 57.4 853 35.45 41.56

ACAFX010 12.2 53.2 597 45.48 76.18

ACAFX011 33.7 62.3 968 28.25 29.18

ACAFX012 38.3 64.4 1220 21.54 17.66

ACAFX013 40.4 67.0 884 13.23 14.97

ACAFX014 28.5 58.2 999 31.67 31.70

ACAFX015 37.0 70.3 1116 21.11 18.92

AXAGB001 37.4 62.0 1313 20.33 15.48
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pulping conditions are all lower than values determined for pulping conditions for

the two level factorial experiment performed earlier.

Weight Average Molecular Weight. Earlier work has shown that, while

optical corrections must be applied to raw light scattering results, these corrections

can be theoretically justified and quantitatively determined by auxiliary

l measurements to permit one to determine weight average molecular weight of lignin

I if a solution of lignin at a temperature above the theta temperature for the lignin-
t

solvent pair is used. Furthermore, work with lignins of varying molecular weights

I obtained from pulping the same wood shows that the first virial coefficient of the

light scattering curves varies inversely with the square root of the weight average

molecular weight, as it should. Furthermore, these molecular weights have been

i shown to correlate with rheological properties in a theoretically based manner. In
spite of this, others have raised questions or doubts concerning the values

determined.
To settle the doubts, additional work has been done. Replicate

I determinations made with DMF at 80°C exhibit an experimental precision of 10% or

less. To determine if association is a factor, determinations were made at 80°C in

I DMF containing 0.1 M LiBr, which is claimed 1_./many workers in the field to

I prevent lignin association. In one case, the difference in values determined inDMF, with and without LiBr, was 17%. In most cases, the difference was less

than 10%; i.e., equal to or less than the maximum difference in replicatemeasurements in DMF only.

Determinations were also made with THF at 50°C. Theoretically, the

molecular weight determined for the polymer should be independent of the solventused. Determinations made in THF at 50°C were always lower than determinations

made in DMF at 80°C, but the largest difference was 17%. While the difference islarger generally than is desirable, when one considers that the difference can be
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caused by the cumulative effects of solution preparation, lignin analysis, and errors

in six experimental measurements made on each solution, differences of 17% or /

1less show with reasonable certainty that the procedure is sound and yields a true

measurement of the weight average molecular weight with a maximum uncertainty I_

iof 17% for a single measurement.

Values of weight average molecular weight (Mw) for the lignins recovered !

from the liquors being used are given in Table 4. /

1Mgle¢ular WeightDistribution. While Mn and Mw values determined for

lignins from black liquors by the methods described have been shown to be I
/consistent with thermodynamics and theory and have been shown to be useful in am

correlating results such as viscosity, the methods are extremely laborious and /

provide no information on molecular weight distribution (MWD). Determination of
II

M n and Mw for a single lignin requires over 100 man-hours, even for an ]

iexperienced operator. Equilibrium centrifugation conducted under very strict

conditions can be used to determine MWD, but this is even a more laborious

_ _ |method than those being used to determine Mw and Mn.

Size exclusion chromatography (SEC) can be used, but this is a secondary |
II

or derived method of analysis and requires calibration with standards.

Unfortunately, standards for lignin calibration are not available. Nevertheless, SEC !
l

has been used extensively for molecular weight analysis of lignins because it is

• Irapid and convenient. Unfortunately, the analyses are also incorrect. There are

substantial questions concerning the application of SEC that involve polymer |
I

association, polymer-column interaction, solvent-column interaction, and

calibration. As a result, past work with SEC can be used at best to yield relative !

information on the MWD of lignin. As a consequence, molecular weight averages

- - Idetermined by SEC are very questionable, if not quite incorrect, values of Mw / Mn

I



are certainly in error,and even the relative shape of the MWD, as shown by the raw

chromatograph, may be in error.

A major effort to eliminate these problems and to develop a method for

t accurately and conveniently determining the MWD of lignin has been conducted for

l

nearly two years. The basic concept is to conduct SEC with solvents above the

l theta temperature for which is has been shown that lignin association is negligible

I and to use Mn and Mw values determined by VPO and LALLS for internal
calibration by resolution of moments of the distribution. This work, to date, has

I been largely unsuccessful; however, work does show the problems involved and

does show that molecular weights for lignin determined by SEC in past work

I elsewhere are highly questionable.

I A Waters Model 150C high temperature high pressure liquid chromatograph
(HTHPLC) and a Dynamic Solutions Maxima 820 chromatography workstation

have been used in this work. Columns Waters Division of Milliporesupplied by

and Jordi Associates, Inc. have been used. The Jordi columns are mixed bed or

I 103 _ limit columns. The Waters columns are limit columns with limits of 102,

103, and 104 A. Tnis particular instrument was chosen so that measurements could
be made in solvents above the theta temperature for lignin to minimize or eliminate

polymer association effects. A wide ranging study of columns, temperature,solvent, injection volume, concentration, and solvent flow rate has been made.

Association of lignin can have a profound effect on the apparent MWD of a

lignin. Figure 4 shows a chromatogram for lignin in DMF at 50°C. Figure 5
shows a chromatogram produced by the same column for the same lignin in DMF at

85°C. The chromatogram at 50°C is shifted toward higher molecular weights andthe shape of the chromatogram at high molecular weight is quite different from that

obtained at 85°C. Addition of LiBr to DMF produces no significant change in the

i chromatogram for lignin in DMF at 85°C, indicating, as expected, that lignin does
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not associate in DMF at 85°C. Addition of LiBr does make it much more difficult to q
IN

maintain a stable baseline, iN

IWork with DMF has been largely unsuccessful. The problem with the

lignin-DMF system appears to be polymer-column association. Repetitive R

chromatograms similar to Figure 5 can be obtained only with flushing of the J

column with the solvent for many hours, even days, between runs. Even then, the

end of the chromatogram occurs at or nearly at the solvent front and the baseline is II

hard to define. More tha_' eight months of effort was expended testing various IN
1

injection volumes and concentrations, solvent rates, temperatures, and column I

1combinations with no success. The problem does appear to be polymer-column
mmm

interaction, because the plate count and calibration with poly(ethylene glycol) and q
/poly(ethylene oxide) showed no change in column characteristics after extended

flushing.

The use of mixed solvents, with DMF as the primary solvent, was tried. Jw

Second solvents used were triethyl amine (TEA), a strong H-bond donor, and J

ethylene glycol or glycol ethers. The glycol ether used in most cases was ethylene

glycol mono propyl ether (EGMPE). n

TEA promoted polymer association without moving the chromatogram from

the solvent front nor solving baseline problems. As a result, addition of TEA, even !
m

as low as 2%, distorted the chromatogram severely without solving the basic

problem. Figure 6 is an example of a chromatogram for lignin in 98% DMF/2% I

TEA at 85°C.
am

Ethylene glycol (EG) was used with DMF. Figures 6a and 7 are |

chromatograms of an experimental and of a mill lignin, respectively, in 95% |

DMF/5% EG at 85°C. The chromatogram is compressed and there is an extended

low molecular weight tail in both cases. However, there are qualitative similarities 1

and the chromatograms are clearly multi-modal. There are still base-line problems i
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and problems with reproducibility without extended column flushing.

Chromatograms run in this system at 100°C are given in Figures 8 and 9. There are

no significant changes in the chromatograms, but running at higher temperatures

did not lead to either improved baseline stability or reproducibility.

A third solvent, EGMPE, was tried. Chromatograms were run for lignins

in 95% DMF/5% EGMPE at 85°C and 100°C, and in 98% DMF/2% EGMPE at

85°C. Figure 10 is a typical chromatogram for a lignin in 98% DMF/2% EGMPE at

85C. Baseline and solvent front problems are obvious. Figures 11 and 12 are

chromatograms for an experimental and a mill lignin, respectively, in 95%

DMF/5% EGMPE at 85°C. This system is much better behaved, but the

chromatograms are compressed and there are still problems with reproducibility.

This system was also run at 100°C. Chromatograms are compressed and there are

problems with reproducibility.

Work has also been done using tetrahydrofuran (THF) with a small amount

of water to enhance lignin solubility. Figure 14 shows chromatograms for four

experimental lignins run in THF at 45°C. This system can be run successfully

without the severe adsorption and reproducibility problems experienced with DMF.

However, molecular weights calculated from the chromatograph calibration with

common standards are very much lower than those determined for the lignins by

VPO and LALLS. Even more serious, the values of Mw calculated from the

chromatograms vary over a range of only about 23%, while the Mw values for ,

these lignins from LALLS vary by more than 100%.

Overall, this work has been extremely disappointing and largely

unsuccessful. All that we have determined is that, in general, the MWD of kraft

lignin is broad with a low molecular weight tail and that the MWD is multi-modal in

nearly every case. During the course of this work, we have made use of the advice

of experts in chromatography at the University of Florida and elsewhere. There
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seems to be no better approach than we have taken and no promising approaches

for use of organic solvents have been suggested that we have not tried.
We are currently beginning to work with an expert from industry who

I claims to have developed a procedure for SEC for systems. Since we have
aqueous

shown in our UV-visible work that lignin probably does not associate at pH > 13

I and that UV-visible absorption of lignin at 280 nm is not dependent on molecular

weight, we will begin work with aqueous systems to solve this problem. A UV-
visible detector and columns developed by the industrial expert for use with high

I pH solutions will be obtained and chromatographic experiments performed.

THERMAL STUDIES

Def'mition of the properties important for performing energy calculations for

systems to process black liquors are an important part of our program. Properties

that are being investigated actively at present in this area as a function of liquor',

solids concentration, temperature, and pressure (where appropriate) are:

1. density and thermal expansion

I 2. vapor pressure-solids concentration equilibrium

3. heat capacity4. heat of solution

ll 5. heat of combustion

p These are all needed for accurate metering of flows and for exact calculation of

p enthalpy balances. Vapor pressure-solid concentration, heat capacity, and heat ofsolution will be used to develop total enthalpy-concentration relations. Heats of

combustion are necessary to predict furnace performance.
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In the near future, work to determine the thermal conductivity of black q
|

liquors will begin. /
1

VAPOR PRESSURE EQUILIBRIUM i

1Our small scale laboratory evaporator has been extensively revised so that
I

the evaporator can be used to determine equilibrium vapor pressure at the boiling
/

point as a function of solids concentration as well as to concentrate samples to I
above 80% solids concentration for other work.

1

The vessel volume has been increased to slightly more than 4 liters, the I

1bottom half of the vessel has been changed for better heat control, and baffles and

turbine blade agitator(s) have been installed in the bottom half of the vessel for good I

mixing. A new head and bearing system have been designed and installed with a

new bearing scaling system to permit agitation at up to 350 rpm with virtually no air

leakage. Measured air leakage rates have been less than 10 cm3 at STP per minute.

The agitator is driven by a DC motor so that the agitator speed can be varied. The

bottom half is electrically heated by a heating mantle connected to a variable

transformer so that the rate of addition of heat can be varied.

The measuring and control systems have been thoroughly revised. Liquid

temperature is measured by using a resistance thermometer with a small time

constant (a few seconds) that is connected to an unbalanced linear bridge to give an

output of 1.0 mv per °C. The entire system has been checked against air saturated

ice water and boiling water as well as against the temperature of water between

these points, as determined by a thermometer traceable to the NBS. The

temperature measuring system is accurate to within 0.01 °C over the range from 0 to

100°C and the output can be read to 0.01 °C. The pressure within the evaporator

vessel is determined with an electronic force balance pressure gage that is connected I

to an electronic indicating controller. Calibration tests against a manometer show
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that the pressure system is accurate to within one mm Hg (1.32 x 10-3 atm) or less

(usually less) from 100 mm Hg (0.132 atm) to 760 mm Hg (1.00 atm) absolute
pressure. The output of the indicating controller is in mm Hg absolute pressure.

The condensate receiver is mounted on a load cell with a maximum capacity of 4.54

kg. The load cell output is conditioned to give a response of 0.25 mv per gm with

I stepping every 96 mv so that the mass of the receiver can be recorded on a 100 mv

scale recorder continuously. The exhaust from the receiver flows through a cold
trap to a vacuum pump. The vacuum pump is run at full 10ad. Air is bled into the

I vacuum pump between the cold trap and the pump suction at a controlled rate to

maintain constant pressure in the boiling vessel. The indicating pressure controller

controls the bleed air flow in response to the signal from the absolute pressure

transducer mounted in the head of the boiling vessel. Work shows that pressure

can be controlled to :t: 1 mm Hg or better.

There are two condensers mounted between the boiling vessel and the

receiver. One is a 400 mm long glass Graham type condenser directly above the

boiling vessel that is used when the system is run at total reflux. The other is a 19

tube, 18" long, single pass shell and tube exchanger with three baffle plates on the

shell side. This exchanger is mounted directly above the receiver and is connected

to the receiver by a flexible tube. The two exchangers are connected by a 1/2-inchcopper tube. Except for small areas left open for visual observation, the system is

insulated with fiberglas insulation to the shell-and-tube exchanger.

I The system can be operated in either of two modes. It can be operated at
total reflux (constant composition) and the boiling point determined as a function of

by increasing the stepwise. Alternatively, litcan be operated at

pressure pressure

constant pressure and the boiling point determined as a function of composition,

p since the initial concentration and mass in the vessel are known and the
temperature

p and condensate mass are measured as a function of time.



This system has been checked for accuracy with water, sodium chloride

solution, and sucrose solutions. The boiling point for water at a number of

constant pressures from 76 mm Hg (0.1 atm) to 766 mm Hg (1.00 atm) all agreed

with literature values within -t-0.3°C or better. The pressure-temperature curve

determined for water with these data agreed with the literature to within 0.1 °C.

Heats of vaporization for water calculated from the slope of the experimental curve

agreed with literature values to within 20 Btu/Ib or less. Values determined for

sucrose solution were in agreement within + 0.4°C at worst with values reported in

the literature that had been determined in a quite sophisticated vapor-liquid

equilibrium apparatus. We believe that we can assume that individual values of the

pressure-temperature relation at the boiling point determined for black liquors in this

apparatus are accurate to within 0.4°C at worst and that a smooth curve of pressure

vs. temperature at constant solids is even more precise. In general, we have found

that the system operates essentially at equilibrium at boiling rates of up to 6 gins per

minute of condensate at constant pressure with as little as 1000 gms in the vessel.

The pressure control cycles at a frequency of about one minute. The system has

been tuned to maintain the amplitude of the cycle to within + 1.5 mm Hg or less.

At constant reflux, the temperature also cycles and lags the pressure cycle by about

20 seconds. In practice, the average values of pressure and temperature are

recorded.

Normally, data is taken at constant composition. The vessel is loaded with

1.3 to 3.3 liters of liquor, closed, and vacuum drawn to 100 mm Hg (0.132 atm).

The liquor is concentrated to the desired concentration, if necessary, at this

pressure. When the desired concentration is attained, the system is switched to

constant reflux and boiling temperatures determined at six to eight pressures

between about 100 and 760 mm Hg (0.132 and 1.00 atm). Boiling is stopped, the

contents cooled as much as possible, and the contents are drained into preweighed
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I plastic botUes for storage for other uses. The solids concentration of the liquor is

determined directly on the final liquor. To determine the full relation as a function
of pressure and composition for one liquor requires 10-14 separate experiments as

described. This requires 8-11 working days; this work is time consuming.

At present, the small scale evaporator is a bottleneck. A second system is

being built and will be in operation in January, 1991. This will permit us to
i

determine vapor-liquid equilibria and prepare small samples of concentrated liquor

as required for other studies at the same rate that we will be receiving liquors.

The vapor pressure-temperature relationships for ten liquors have now been

determined from 10-20% solids concentration to 70-85% solids concentration. The

limit of solids concentration that can be used for accurate results in this system

• depends upon liquor viscosity. Analysis of the data for these ten liquors is not yet

complete. However, several things can be noted. There seems to be little variation

in boiling point, liquor-to-liquor, at up to 20% solids concentration for softwoodliquors. The maximum rate of change of boiling point elevation with solids

concentration in the of 40 to 60% solids for softwood and the
occurs range liquors,

boiling point elevation at a fLxedcomposition is dependent upon pressure. There
does not appear to be a significant change in heat of vaporization with

p concentration, since the slopes of the pressure equilibrium curves do not changevery much, if at all, with increasing composition.

p The data of pressure vs. boiling temperature for a constant solidconcentration are regressed in the form:

f
f lnP = A + B/T + C_ 2

,b

where:
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P = pressure

T = absolute temperature

A,B, and C = constants

Normally, the data yield a relation with a correlation coefficient of 0.9999 or better

with a standard en'or of estimate for pressure of 0.16% or less (about 1.2 mm Hg at

1.00 atm). The equations determined by regression for each solids concentration

are used to calculate smoothed values for each solids concentration at 300, 450,

600, and 760 mm Hg (0.395, 0.592, 0.789, and 1.00 atm). Boiling point

elevations are calculated for each of these smoothed points by subtracting the

appropriate boiling point of water from each point. Graphs are plotted of log P vs.

1/T with solids as a parameter, T vs. solids with P as a parameter for the smoothed

data, and boiling point elevation (BPE) vs. solids with P as a parameter. Examples

of these are shown in Figures 15, 16, and 17. At present, methods to reduce and

correlate the boiling point elevation data are being sought.

DENSITY AND THERMAL EXPANSION

Work continues on collection of data for these properties. Techniques

useful for determinations at solids concentrations below about 55% solids have

been improved to increase accuracy. The major effort has been on revising

techniques or developing new ones to measure density and thermal expansion for

liquors up to 80-85% solids concentration. The problems with loading devices for

these determinations at high solids concentrations are severe. Thermal expansion

has now been determined by dilatometry at up to 85% solids in some cases. It

appears that such data can be obtained at up to 80% solids concentrations, in

general. We have just recently developed a promising technique to determine true

density at up to 85% solids concentration. It appears that, at constant temperature,
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density is very nearly, if not exactly, a linear function of concentration up to about

65-70% solids concentration, and that density increases at a slower rate with

concentration beyond thatpoint. There will be a concentrated experimental effort in

this area over the next few months now that techniques have been developed and

many liquor samples are available.

Data already taken on 16 liquor systems at solids concentrations up to 50%

and at temperatures up to 100°C will be thoroughly analyzed and data reduced by

methods reported earlier. Programs for this that are also capable of handling

experimental data taken at high solids concentration have been written and are being

used for reduction and analysis.

HEAT CAPACITY, HEAT OF SOLUTION, TRANSITIONS

Determination of these properties is an important partof our program. The

Perkin-Elmer System 7 Differential Scanning Calorimeter (DSC) and

Thermogravimetric Analyzer (TGA) are used to determine heat capacity, transitions,

and weight loss as a function of temperature. Even though the DSC is a

comparative device, it can be used for absolute determination of heat capacity as a

function of temperature. This is being done for liquors currently under study as

was done in the past. A data bank continues to grow with regard to heat capacity.
_

The DSC is also used to determine transition temperatures as described in

earlier work. The glass transition temperatures (Tg) of purified lignins are

determined, since these are affected considerably by impurities. Also, this is an

important property with respect to other studies of lignin. Tg is being determined

for black liquor solids at 100% solids for the same reason. The Tg establishes the

upper temperature limit for processing 100% black liquor solids as solid fuels

without tackiness. Also, the Tg of black liquor as a function of solids concentration
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will be determined for several new black liquors to be used in attempts at reduction

t and correlation of viscosity at high solids concentration.
The TGA is used to "fingerprint" the black liquors by determining weight

loss as a function of temperature during pyrolysis.
The Setaram C-50 absolute microcalorimeter is fully operational. It is being

jl used to determine the heats of solution of black liquor solids. Considerable effort

j was devoted to developing experimental techniques to permit work with 100%
solids. This has not yielded satisfactory results to date. Therefore, experimental

J work is now concentrated upon obtaining data with infinite dilution at 25°C as the
standard state for the solution. This permits us to work in the other direction as we

have done successfully with other properties; i.e., from the dilute state to as high a

concentration as can be attained.

Heats of solution are not negligible. Work to date indicates that the errors in

energy balances calculated for concentrating black liquors to above about 40%

solids occur because the solution is considered ideal (no heat of solution and

additive heat capacity), not due to change in the heat of vaporization of the vapor

evolved. We earlier developed methods based on a sound theory to describe the

heat capacity. Additional results are directed toward development of a general,

empirical relation. Data on heats of solution will be analyzed in the same way; atheoretically based model for heat of solution will be developed that is successful

I for several liquors and then a general, empirical relation will be sought.

The Setaram calorimeter can be used conveniently to measure heat capacity
as well as heat of solution. In fact, it is more accurate than the DSC, since it is an

p absolute instrument. The Setaram is also being used, where practical to measureheat capacities.

P
P
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HEATS OF COMBUSTION

A Parr Automatic Combustion Calorimeter equipped with several bombs is

fully operational. Heats of combustion of 100% black liquor solids can be

determined to accuracies of :t 0. i8% or better by performing triplicate tests, and

heats of combustion can be determined for black liquors at 65% solids

concentration to accuracies of :t:0.4% or better by performing triplicate tests. The

poorer accuracy at 65% solids is due to the fact that it is difficult, apparently, to

obtain complete combustion at 65% solids concentration. Heats of combustion are

routinely determined for liquors at 100% solids concentration, and are occasionally

determined for liquors as a function of solids concentrations between 65 and 100%

solids. Heats of combustion for 100% black liquor solids determined for five

experimental softwood liquors and heat of combustion vs. solids concentration for

one experimental softwood liquor are given in Table 5 as examples. These five

liquors were made at extremes of the ranges for pulping conditions. As one can Ii1
see, the heats of combustion can be expected to vary considerably with pulping

conditions, l

SAMPLE PREPARATION I

Sample preparation presents some problems and, for good quantitative 1
1

study of thermal properties, requires special care. Samples at up to about 80%

solids can usually be conveniently prepared almost to the exact concentration

required in the small evaporator. Samples at these concentrations ',ire loaded while

still hot into 500 ml or smaller containers and the solids concentration determined

on a sample taken at that time. These small containers are stored until needed for

experimental work. The contents are then heated to approximately 50°C, mixed,

and transferred to the appropriate apparatus for measurement.
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TABLE 5
Heats of Combustion of Kraft Black Liquors

Solids Heat of Combustion
% BTU/Ibi i.| , ,,..,, ,.,. .-.,, ,,ii i r iii.,

ACAFX007 65.7 4007

69.5 4305

73.2 4582

100.0 5732

ACAFX008 100.0 5299

ACAFX010 100.0 3722

ACAFX011 100.0 5715

ACA FX012 100.0 6251

I
i
I
I
I
I
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Samples at 100% solids are made in small batches by concentrating a liquor

from about 65-80% solids to 100% solids by freeze drying. This has proven to be

rather simple and quite reliable. These samples are uniform in concentration, but

highly hygroscopic. These samples must be stored under dry conditions in sealed

containers, Transfers and weighings are made in a dry box.

It is most difficult to prepare uniform samples at concentrations between the

highest concentration attainable in the small scale evaporator and 100% solids. For

small samples for DSG and calorimetry, an aliquot of sample at the highest

concentration attainable in the small scale evaporator is weighed directly into the

sample container to be used for the specific experiment, dried under heat and

vacuum to a specified weight, encapsulated, and equilibrated by holding the

encapsulated sample at elevated temperature (50-90°C) for an extended period. For

larger samples, an aliquot is dried under heat and vacuum to a specified weight,

chilled with dry ice and ground with dry ice, mixed cold, and then allowed to

equilibrate at elevated temperature in a small, closed container. Obviously, most of

the work will be done at concentrations up to the maximum attainable in the small

scale evaporator and at 100% solids. At present, we appear to be able to

concentrate in the small scale evaporator up to 85% solids, even though we cannot

always obtain reliable vapor pressure-temperature data up to that concentration.

VISCOSITY

The primary emphasis of the program continues to be determination of

viscosity over as wide a range of solids concentration, temperature, and shear rate

as possible. A total of five instruments in ten configurations are used for these

measurements. All viscometers have been recalibrated and accuracies checked to

improve precision to a level equal to or beyond, normally beyond, the level

accepted for research with viscous solutions or melts. Where necessary, changes
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have been made to improve temperature control; all instruments, except the dual

chamber, can now be controlled to + 0.1°C or better. The dual chamber can be

controlled within about + 0.5°C or better. Considerable effort has been devoted to

t better and to increase the rate of datadeveloping loading cleaning procedures

collection and to permit data to be taken at high solids concentration and temperature

without fear of lignin degradation. We are currently able to measure viscosity at up

to 180°C, up to 80% solids concentration, and up to 104 sec-1 with the combination
of instruments now in use. Data is being routinely taken up to about 80% solids

concentration for ranging from 40 to 130°C and for shear rates rangingtemperatures

from less than one to about 800 sec -1. Data is routinely taken for solids

concentrations from about 60 to about 80% solids for temperatures ranging from 40

to 90°C at shear rates up to 104 sec" 1. Some data is taken for this solids range and
shear rate range for temperatures up to 130°C. Thus, we are finally in a position to

determine _ the viscosity of a liquor at _ condition likely to be used for

furnace firing. Work is now proceeding full time on liquor viscosity

measurements.

LOW SOLIDS CONCENTRATION VISCOSITY

No black liquor has yet been found that exhibits non-Newtonian behavior atconcentrations below 50% and temperatures above 25°C. Therefore, hydraulic

capillary measurements are adeqt_ate for this range. Furthermore, all liquorsstudied to date follow corresponding states principles; i.e., reduced viscosity is a

function of S/T where S is the solids concentration and T is temperature.

I Therefore, the complete relation can be defined by 16-20 experimental

determinations made at four temperatures between 25 and 80°C for four to five

concentrations between 10 and 50% solids. An example of such data is presented

p in Figure 19. Examples of the reduced viscosity relation for liquors are shown in

p 67 .



!

0.001 0.001
10 20 30 40 50 60

Solid %

Kinematic viscosity vs. solid content for black liquor

ACAFX020, 21, 22 at different temperatures

FIGURE 19. KinematicViscosity of a SoftwoodKraftBlack Liquor
ACAFXO20,21,22

68



Figures 20 and 21. A considerable data bank is being built to permit us to develop

, a general correlation for low solids viscosity.

i HIGH SOLIDS CONCENTRATION VISCOSITY

A combination of instruments are being used for these measurements. We

I are particularly interested in the zero shear rate viscosity as a function of solids

concentration and temperature and the onset of non-Newtonian behavior at high
solids concentration. Figures 22 through 29 exhibit data for a black liquor at 53.5

to 83.3% solids concentration temperatures ranging from a low of about 0.01 sec-1

to 1000 sec-1. These data were taken using the Instron 3211 capillary rheometer,

the Haake RV-12 rheometer with open parallel plates, open coaxial cylinder, and

pressurized coaxial cylinder, and the Rheometrics RMS-800 with parallel plate
geometry. Even though the data have not been properly fitted to a viscosity model

I (note the peculiarity in the curve for 60°C in Figure 24), this is a fairly complete set.
The data shows the definite onset of non-Newtonian behavior at:

!
1. 60°C and about 1 sec-1 for 71.0% solids

2. ~95°C and less than 100 sec" for 77.9% solids

1

3. ~120°C and less than 300 sec-1 for 83.3% solids

The effects of concentration on zero shear rate viscosity at various temperatures andthe effects of temperature on zero shear rate viscosity at various concentrations for

this liquor are shown in Figures 30 and 31.

I These are examples of the data that is currently being collected for

experimental and selected mill liquors. Because of the limited quantities of liquor

usually available, experimental work must be carefully planned and there is seldom

sufficient material to repeat specific experiments. Even so, complete mapping of
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I viscosity over the range of present or future practical interest can be determined

experimentally. Data reduction and correlation programs are under development. It
is now a matter of time and effort to collect data and develop f'mal correlations.

I
PLANS AND ALLOCATION OF RESOURCES

With the few exceptions cited--installation of a second small scale

evaporator, installation of a new column and a UV-visible detector on the

HTHPLC, and construction of a thermal conductivity cell--all necessary capital

items have been installed, and funds are currently available for all but the thermal

conductivity cell. Furthermore, with few exceptions, all instruments are

performing well and all necessary experimental procedures have been developed to

a satisfactory level. The SEC is still not providing us with useful information on

lignin MWD; this is important and is going to require additional work, most likely

with NaOH solution as a solvent. Work must be done to improve density

measurements at concentrations above 65% solids. Some improvement in

techniques for loading the dual chamber viscometer must be made. Except for SEC

r work, however, little more needs to be done on developing or improvingexperimental procedures or techniques.

p Emphasis has shifted almost entirely to data collection and data reduction.Pulping, liquor concentration, and liquor compositional analysis are now

p proceeding in a routine, planned manner. Thermal and rheological data collection

and characterization of lignin are proceeding with individual work by graduate
students and technicians. Programs have been or are being written for routinely

r calculating results, regressing data, and storing results. Where necessary, datareduction and correlation models are being programmed and data used for testing.

In the near future, correlation models will be fully systemitized in time to use to

develop final general correlations for physical properties.

! I



Over the past fifteen months, most of our effort has been spent in improving

methods or equipment, installing and calibrating instruments and systems, checking

precision and reproducibility of methods, and repairing equipment. It has been

virtually impossible to plan work systematically or to develop a realistic schedule.

This has now changed. The last few months have been concentrated upon isolating II

the few remaining problems, evaluating and eliminating bottlenecks, and |

developing time estimates for each part of the overall program. |

Our major problem at this time is manpower. Our staffing of two

technicians and four graduate students is adequate only for evaluation of a total of

about 40-50 additional liquors over the next two years. The capacity of the system I

appears to be about 80-95 additional liquors over the next two years, but this would

require two additional technicians and at least one additional graduate student, I
I

which would cost an additional estimated $93,000 per year for two years, or a 25%

increase in the current level of funding. A reasonable compromise between present t

level of effort and full capacity of the system would be the addition of one
i

technician and one graduate student, which would cost an additional $57,700, or a

15% increase in the current level of funding• This compromise level should permit
,,

us to evaluate an additional 50-65 liquors over the next two years.



REFERENCES

i 1. Adams, G, and J.H. Gibbs, "On the Temperature Dependence of Cooperative
Relaxation Properties in Glass Forming Liquids," J. Chem. Phys., 43, 139 (1965).

i 2. Ahlgren, P.A., W.G. Yean and D.A.I. Goring, "Chloride Delignification of Spruce
Wood; Comparison of the Molecular Weight of the Lignin Dissolved with the Size of
Pores in the Cell Wall," TAPPI, 54, 5, pp. 737-740 (1971).

I 3. Akonis, J.J., and McKnight, W.J., Introduction to Polymer Viscoelasticity, Wiley,
New York, NY (1983).

4. Alen, R., P. Patja and E. Sjostrom, "Carbon Dioxide Precipitation of Lignin from
Pine Kraft Black," TAPP!, 62, 11, pp. 108-109 (1979).

I 5. Alen, R., and Sjostrom, "Isolation of Hydroxy Acids from Pine Kraft Black Liquor,
Part 1"Preparation of Crude Fraction," Paoeri Puu, 62, 5, pp. 328-330 (1980).

6. Allen, V.R., and T.G Fox, "Viscosity-Molecular Weight Dependence for Short
Chain Polystyrenes," Journal of Chemica! Physics Vol. 41, No. 2, p. 337-343
(1964).

7. Annergren, G.E. et al., Svensk Papperstidning, 71, No. 15 (1968).

8. Aoki, H., J.L. White and J.F. Fellers, "A Rheological and Optical Properties
Investigation of Aliphatic (Nylon 66, P T BLG) and Aromatic (Kevlar, Nomex)
Polyamide Solutions," Journal of Applied Polymer Science. Vol. 23, pp. 2293-2314
(1979).

9. Arhippainen, B., and Jungerstam, B., TAPP!, 52, No. 6, 1095-1099 (1969).

10. Arndt, K.-F., "Vapor Pressure Osmometry. Effect of Solution Drop Dilution on the

Determination of the Molecular Weight and Second Virial Coefficient,"
Polymerica, 30, pp. 403-408 (1979).

11. Ashare, E., "Rheological Properties of Narrow Distribution Polystyrene --
Solutions," Transaction of the Society of Rheology, Vol. 12, No. 4, pp. 535-557
(1968).

_ 17. Barker, J.A., "Determination of Activity Coefficients from Total PressureMeasurements," Aust. J. Chem,, 6,207 (1953).

18. Barrall, II, E.M., and R.J. Gritter, in Systematic Materials Analysi.s V4., (J.H.
Richardson and R.V. Peterson, eds.), Academic Press, NY, 390 (1978).

I 19. Barton, A.F.M., Handbook of Solubility Parameters and Other Cohesion-P_rameters, CRC Press, Boca Raton, FL (1983).

20. Beckwith, W.F., D.L. Kasbohm, and J.C. Hassler, "Analysis of Black Liquor by

Thermogravimetry and Gas Chromatography," AIChE Symposium Series, NO,207,

r
i I I



20. Beckwith, W.F., D.L. Kasbohm, and J.C. Hassler, "Analysis of Black Liquor by
Thermogravimetry and Gas Chromatography," AIChE Symposium Series. No. 207,
77, 68-71 (1981).

21. Beech, G. and Lintonbon, R.M., Thermo Chimica Acta, 2, 86 (1971).

22. Beerbower, A., L.A. Kaye and D.A. Pattison, "Picking the Right Elastomer to Fit
Your Fluids," Chemical Engineering. 74, 26, p. 118 (1967).

23. Benko, J., "The Measurement of Relative Molecular Weight of Lignosulfonates by
Diffusion. (i), (II), (III)," TAPPI, 44, 11, pp. 766-770; 44, 11, pp. 771-775; 44,
12, pp. 849-854.

24. Benoit, B., Z. Grubistic and P. Rempp, "A Universal Calibration for Gel Permeation
Chromatography," Journal of Polymer Science, Part B, 5, pp. 753-759 (1967).

25. Bergstrom, R.E., and Waters, H.K., Paper Mill Newts, 12-23, Aug. (1954).

26. Berry, R., and H.I. Bolker, "The Topochemical Effect in Acid-Sulfite
Delignification: A Theoretical Analysis," 1982 Canadian Wood Chemistry
Symposiom, Sept. 13-15, Niagara Falls, Ontario, pp. 137-141 (1982).

27. Bersted, B.H., "Molecular Weight Determination of High Polymers by Mean of
Vapor Pressure Osmometry and the Solute Dependence of the Constant of
Calibration," Journal of Applied Polymer Science, 17, pp. 1415-1430 (1973).

28. Billmeyer, Jr., F.W., Textbook of Polymer Science, Interscience, New York,
Chapter 3 (1962).

29. Billmeyer, F.W., Jr., Textbook of Polymer Science. Wiley, New York, NY (1971).

30. Bird, R.B., W.E. Stewart and E.N. Lightfoot, Transport Phenomena, John Wiley &
Sons, New York (1960).

31. Bird, R.B., R.C. Armstrong and O. Hassager, Dynamics of Polymeric Liauids: Vol.
! Floid Mechanic_';,John Wiley & Sons, New York (1977).

32. Bolker, H.I., and H.S. Brenner, "Polymeric Structure of Spruce Lignin," _S..9.j_ence,
170, pp. 173-176 (1970).

33. Bolker, H.I., H.E.W. Rhodes and K.S. Lee, "Degradation of Insoluble Lignin by
Chloride Monoxide," Journal of Agricultu ' and Food Chemistry, 25, 4, pp. 708-
716 (1977).

34. Bonnar, R.U., M. Dimbat and F.H. Stross, Number-Averaee Molecular Weizht,-- v

Interscience, New York, Chapter 4 (1958).

35. Bottger, V.J., Th. Krause and J. Schurz, "Gel-Chromatographic Fractionation of
Lignosulfonates," Ho|zf0rschung, 30, 2, pp. 41-44 (1976).

36. W.G. Hunter and J.S. Hunter, S_ati._ticsfor.Experimenter_; Introduction _o Design.
D_ta Analysis. and Model Building. John Wiley & Sons, New York (1978).

86



37. Brauns, F.E., and D.A. Brauns, The Chemistry of Lignin' SopplernCn_ Volume,
Academic Press, New York, Chapter 7.

38. Brice, B.A., G.C. Nutting and M. Halwer, "Correction for Absorption and
Fluorescence in the Determination of Molecular Weights by Light Scattering," Journal
QfAmerican Chemical SQ¢iety, 75, pp. 824-828 (1953).

39. Brown, W., "Solution Properties of Lignin: Thermodynamic Properties and
Molecular Weight Determination," Journal of Applied Polymer Science, 11, pp.
2381-2396 (1967).

40. Brown, W., E.B. Cowling and S.I. Falkehag, "Molecular Size Distribution of
Lignins Liberated Enzymatically from Wood," Svensk Papperstidning, 71, pp. 811-
821 (1968).

41. Brzezinski, J., H. Glowala and A. Kornas-Calka, "Note on the Molecular Weight
Dependence of the Calibration Constant in Vapor Pressure Osmometry," Eurooean
Polymer Journal, 9, pp. 1251-1253 (1973).

42. Bueche, F., Physical Properties of Polymers, Interscience, (1962).

43. Burge, D.E., "Molecular Weight Measurements by Osmometry," American
Laboratory, (June, 1977).

44. Burge, D.E., "Calibration of Vapor Pressure Osmometers for Molecular Weights
Measurements," Journal of Applied Polymer Science 24, pp. 293299 (1979).t

l 45. Burrell, H., QfficiaI Digest, 27,369, pp. 748-751 (1955).

46. Burrell, H., "Solubility Parameter Values," in Polymer Handbook, ed. by J.Brandrup, E.H. Immergut (2nd ed.), John Wiley & Sons, New York, 337 pp.
(1975).

"_ 47. Calahorra, E., G M. Guzman and F. Zamora, "Molecular InfluenceWeight on

Polyethylene - 1,2,4,5-tetrachlorobenzene Eutectic System," J.,_Polym. Sci. PL ed.,
20, 181-185 (1982).

48. Candau, F., J. Francois and H. Benoit, "Effect of Molecular Weight on the
Refractive Index Increment of Polystyrenes in Solution," Polymer, 15, pp. 626-630

(1974).
49. Carr, C.I., and B.H. Zimm, "Absolute Intensity of Light Scattering from Pure

Liquids and Solutions," Journal of Chemical Physics, 18, 12, pp. 1616-1626

(1950).

50. Carreau, P.J., Ph.D. Thesis, University of Wisconsin, Madison, Wisconsin (1968).

t 51. Chao, E.E., McDonald, K.L., Garby, A.C., TAPPI J., 112 (1984).

52. Chupka, E.I., A.V. Obolenskaya and V.M. Nikitin, "Nature of the Processes
Resulting in an Increase of the Molecular Weight of Lignin During Alkaline Cooks
(III)," Khim, Drev, (Riga), 9, pp. 85-92 (1971).



I

53. Clay, D.T., and T.M. Grace, "Measurement of High Solids Black Liquor Boiling
Point Rise," TAPPI L, 67, 92 (1984).

54. Clay, D.T., and Grace, T.M., .BLRB Symp. (Helsinki), Paper BI (1982).

55. Clayton, D.W., "The Chemistry of Alkaline Pulping," in Pult9 and Paper
Manuf_lre; I, The P_dpilag of Wood, 2nd ed., Editors, McDonald, ff.G., Franklin,
J.N., McGraw-Hill, New York, Chapter 8 (1969).

56. Co, A., H.K. Kim, M.O. Wight, A.t,. Fricke, "Viscosity of Black Liquors at High
Temperatures," TAPPI, Vol. 65, No. 8, pp. 111-113 (1982).

57. Co, A., M.O. Wight, "Rheological Properties of Black Liquors," Bl_ck Liquor
Recovery Boiler Symposium, Helsinki. Finland (1982).

58. Cochran, W.G., and G.M. Cox, _Exper.imental Design, 2nd ed., John Wiley & Sons,
N.Y., Chapter 8A (1960).

59. Combustion Engineering (1980), Chemical Recovery Unit Operational Manual.

60. Concin, R., E. Burtsher and O. Bobleter, "The Molecular Weight Distribution of
Hydrothermally Degraded Lignin," Holzforschung, 35, pp. 279-282 (1981).

61. Connors, W.J., L.F. Lorenz and T.K. Kirk, "Chromatographic Separation of Lignin
Models by Molecular Weight Using Sephadex LH-2(I," _l-t3_lzforschung,32, pp. 106-
108 (1978).

62. Connors, W.J., "Gel Chromatography of Lignins, Lignin Model Compounds, and
Polystyrenes Using Sephadex LH-60," Holzforschung, 32, pp. 145-147 (1978).

63. Connors, W.J., L.N. Johannson, K.V. Sarkanen and P. Winslow, "Thermal
Degradation of Kraft Lignin in Tetralin," Holzforschung, 34, pp. 29-37 (1980).

64. Connors, W.J., S. Sarkanen and J.L. McCarthy, "Gel Chromatography and
Association Complexes of Lignin," Holzfors_chung, 34, pp. 80-85 (1980).

65. Couchman, P.R., "Compositional Variation of Glass Transition Temperatures. 2.
Application of the Thermodynamic Theory to Compatible Polymer Blends,
"M_cromolecules,_l 1, 1157 (1978).

66. Couchman, P.R., and F.E. Karasz, "A Classical Thermodynamic Discussion of the
Effect of Composition on Glass Transition Temperatures," M__rQmolecules. 11, 117
(1978).

67. Crowley, J.D., G.S. Teague, Jr. and J.W. Lowe, Jr., "A Three-Dimensional
Approach to Solubility," Journal of Paint Technolo.g,_, 38,496, pp. 269-280 (1966).

68. Crowley, J.E., G.S. Teague, Jr. and J.W. Lowe, Jr., "A Three-Dimensional
Approach to Solubility II," Journal of P_inl;Technology, 39, 504, pp. 10-27 (1967).

69. Daniel, C., and F. Wood, Fitting Equations to Data, 2nd ed., John Wiley & Sons,
NY (1980).

88



l 70. Debye, P., "Light Scattering in Solution," Journal of Applied Physic[, 15, 4, pp.
338,42 (1944).

t 71. Ditmars, D.A., S. Ishihara, S.S. Chang, G. Bernstein, and E.D. West, "Enthalpy
and Heat Capacity Standard Reference Material: Synthetic Sapphire (-A12o3) from 10
to 2250K," J, Res. Nat. Bur. Stand. 1O,S,,87, 159 (1982).

J 72. Dong, D.J., and Fricke, A.L., "UV-Visible Response of Kraft Lignin in Soft Wood
Black Liquor," Materials Research Society. Symposium Proceedings, 197, 77 (1990).

j 73. Doty, P., "Depolarization of Light Scattered from Dilute Macromolecular Solutions,"
Journal of Polymer Science. 3, 4, pp. 750-771 (1948).

74. Drott, E.E., and R.A. Mendelson, "Determination of Polymer Branching with Gel-
Permeation Chromatography, I. Theory," /.gvrnal of Polymer S_ien_ A-2, 8, pp.
1361-1371 (1970).

75. Eirich, F.R., 1_, Vol. 3, Academic Press, New York (1960).

76. Ekman, K.H., and J.J. Lindberg, "Notes on the Solubility of Lignin in Binary
Organic Mixtures," Suomen Kemistilehti,_B39, pp. 89-96 (1966).

77. Elias, H., Macromolecules VI. NY, Plenum Press, 373 (1977).

78. Faix, O., W. Lange and O. Beinhoff, "Molecular Weights and Molecular Weight
Distributions of Milled Wood Lignins of Some Wood and Bambusoideae Species,"

Holzforschung, 34, pp. 174-176 (1980).79. Faix, O., W. Lange and G. Besold, "Molecular Weight Determinations of DHP's

from Mixtures of Precursors by Steric Exclusion Chromatography (HPLC),"

Holzforschung. 35, pp. 137-140 (1981).

80. Faix, O., W. Lange and E.C. Salud, "The Use of HPLC for the Determination of

Average Molecular Weights and Molecular Weight Distributions of Milled Wood
Lignin from Shorea Polysperma (Blco.)," Holzforschung, 35, pp. 3-9 (1981).

r 81. Falkehag, S.I., "Lignin in Materials," Applied Polymer Symposium, No. 28, pp.

247- 257 (1975)

p 82. Fan'itor, R.E., and L.C. Tao, Thermo Chimica Acta. 1,297 (1970)
83. Ferry, J.D., E.L. Foster, G.V. Browning and W.M. Sawyer, "Viscosities of

Concentrated Polyvinyl Acetate Solution in Various Solvents," Jo_!rna].of Colloid

p Science. pp. 377- 388 (1951).84. Ferry, J.D., Viscc.)ela.sticProperties of polymers, Third edition. John Wiley & Sons,

r Inc., New York (198(I).85. Figini, R.V., "On the Molecular Weight Determination by Vapor Pressure

F Osmometry, 2. Molecular Weight Average Obtained by VPO." Makromol, Chem.,

181, pp. 2409-2411.

89



[I

86. Figini, R.V., and M. Marx-Figini, "On the Molecular Weight Determination by
Vapor Pressure Osmometry, 3. Relationship Between Diffusion Coefficient of the
Solute and Non-Colligative Behavior," Makromo!. Chem ,182, pp. 437-443.

87. Flory, P.J., P!'inciples of polymer Chemi,,st.ry, Cornell University Press, Ithaca,
New York, (1953).

88. Foliadova, Z.I., and A.I., Kiprianov, Izv, f VUZ Lesngi Zh,, 19, No. 5.91-93
(1976).

89. Foliadova, Z.I., and A. I., Kiprianov, ._lmazh, Prom,,l 1,20 (1979).

90. Forss, K., O. Schott and B. Stenlund, "Light Absorption and Fluorescence of
Lignosulfonates Dissolved in Water and Dimethylsulfoxide," Paperi Ja Puu, 49, 8,
pp. 525-530 (1967).

91. Forss, K., and B. Stenlund, "Molecular Weights of Lignosulfonates Fractionated by
Gel Chromatography," P.aperi Ja Puu, 51, 1, pp. 93-105 (1969).

92. Forss, K., J. Janson and P-E. Sagfors, "Influence of Anthraquinone and Sulphide
on the Alkaline Degradation of the Lignin Macromolecule,"Paperi Ja Puu - Papper
_No. 2, pp. 77-79 ( 1984) .

93. Fox, T.G., and V.R. A!len, "Dependence of the Zero Shear Melt Viscosity and the
Related Friction Coefficient and Critical Chain Length on Measurable Characteristics
of Chain Polymers," _urnal of Chemical Physics. 41, No. 2, pp. 344-352 (1964).

94. Fox, T.G., and P.J. Flory, "On a General Relaxation Involving the Glass
Temperature and Coefficients of Expansion of Polymers", J. Appl, Phys., 21,581,
(1950).

95. Fox, T.G., Gratch, S. and Loshaek, S. in F.R. Elrich, ed., "Rheology," Vol. 1,
Chap. 12, Academic Press, NY (1956).

96. Frederick, W.J., D.G.Sacks, H.J.Grady, and T.M.Grace, TAPP!, 63, No. 4, 151
(1980).

97. Fricke, A.L., Phy_i.ca!properties of Kraft,Black..Liquor; Final Report Phase I (1983)
DOE report no. DOE/CE 40606-Ti (DE 84006996).

98. Fricke, A.L., Physical Properties of Kraft Black. Liquor_ Int,erim Rep0r_ - Phase II,
(1985) DOE report on contract DE AC02-82CE40606.

99. Fricke, A.L., Physical Properties of Kraft Black Liquor: Summary Report - Ph_se_ I
_nd II, (1987), DOE report no. DOE/CE/40606-T5 (DE 880()2991).

100. Fuller, T.R., and A.L. Fricke, "Thermal Conductivity of Polymer Melts," JAPS,
15, p. 1729 (1971).

101. Galke, S.N., and H. Veeramani, "Viscosity of Bamboo, Bagasse, and Eucalyptus
Black Liquors", TAPPI Non-Wood Ply,"4 Fiber Pulping Progress Report, No. 8,
pp.33-40 (1970).

9o



102. Gardon, J.L., and S.G. Mason, "Physicochemical Studies of Lignin-Sulphonates, I.
Preparation and Properties of Fractionated Samples," Canadian Jg_,lmalof Chemistry,
33, pp. 1477-1490 (1955).

103. Gellersted, G., and E-L. Lindforss, "Structural Changes in Lignin During Kraft
Pulping," H01zfgrschung, 38, pp. 151-158.

104. Gessner, A.W., Chem. Eng. Prog., 61, No. 2, 68 (1965).

105. Gibbs, J.H., and E.A. DiMarzio, "Nature of the Glass Transition and the Glassy
State," ,1,(_hem. Phys., 28, 373 (1958).

106. Gierer, J., "Chemical Aspects of Kraft Pulping," WogrJ Science T_hnology. 14, pp.
241-266 (1980).

107. Gill, D.S., and K. Malhotra, "Studies on Sparingly Soluble Salts; Part I. Activity
Coefficients of Alkali Metal Chlorides in N,NDimethylforrnamide," Irl_tj_nJournal of
Chemistry, 19A, pp. 65-67 (1980).

1(18.Ginnings, D.C., and G.T. Furukawa, "Heat Capacity Standards for the Range of 14
to 1200K," J, Am,.Chem, S0¢,r' 75, 522 (1953).

109. Glover, C.A., "Absolute Colligative Methods," in polymer M.olecul_r Weights. Part
I, Ed. by P. Slade, Jr., Marcel Dekker, Inc., New York.

110. Goldin, M., J. Yerushalmi, R. Pfeffer and R. Shinnar, "Breakup of a Laminar
Capillary Jet of a Viscoelastic Fluid," ,I, _.f FlujcJ Mech,, 38, Part 4, pp, 689-711
(1969).

11 I. Gordon, J.M., G.B. Rouse, J.H. Gibbs and W.M. Risen, Jr., "The Composition
Dependence of Glass Transition Properties," J. Chem. Phys,, 66, 4971 (1977).

112. Gordy, W., and S.C. Stanford, "Spectroscopic Evidence for Hydrogen Bonds:
Comparison of Proton-Attracting Properties of Liquid. III," _l.Chem, Phys., 9, p.

I 204 (1941 ).

) 113. Goring, D.A.I., in Lignin. ed. by Sarkanen and Ludwig, Wiley - Interscience, N.Y.,
t Chapter 17 (1971).

l 114. Grace, T.M., and Funk, M.S., CPPA/TAPPI Int. Conf, Rec;overy Pulping Chemical(Vancover), 53-55 (1981).

115. Graessiey, W.W., R.L. Haleton and L.R. Lindeman, "The Shear-Rate - Dependence

I of Viscosity in Concentrated Solutions of Narrow Distributions Polystyrene,"TransaCtions of lhe Society of Rheology, 1 i, No. 3, pp. 267-285 (1967).

I 116. Graessley, W.W., and L. Segal, "Flow Behavior of Polystyrene in Steady Shearing
! Flow," M_romolecules, 2, No. 1, pp. 49-57 (1969).

117. Green, R.P., and Grace, T.M., TAPPI J., 67, No. 6, 94 (1984).

118. Grolier, J.P.E., A. Inglese and E. Wilhelm, "Excess Molar Heat Capacities of (l,4-
dioxane + an n-all_ane): An Unusual Composition Dependence," ,I, Chem, Ther.mo,,

I 16, 67-71 (1984).

|



119. Gudmundson, C., Svensk Papperstidning, 75, No. 22, 901-908 (1972).

120. Gudmundson, C., H. Alsholm, and B, Hedstrom, Sve0sk Papperstidning. 75, No.
19, 773-83 (1972).

121. Guggenheim, E.A., "The Theoretical Basis of Raoult's Law," Trans. Faraday Soc..
33,151 (1937)

122. Guinier, A.,"Diffraction of X-Rays of Very Small Angles - Application of
Ultramicroscopic Phenomenon," Ann. phys., 12, pp. 161-237 (1939).

123. Gupta, P.R., and D.A.I. Goring, "Physicochemical Studies of Alkali Lignins, I.
Preparation and Properties of Fractions," Canadian Journal of Chemistry, 38, pp.
248-259 (1960).

124. Gupta, P.R., and D.A.I. Goring, "Physicochemical Studies of Alkali Lignins, III.
Size and Shape of the Mac"omolecule, '' Canadian Jourrl_l of Chemistry, 38, pp. 270-
279 (1960).

125. Gupta, P.R., and J.L. McCarthy, "Lignin XIV. Gel Chromatography and the
Distribution in Molecular Size of Lignin Sulfonates at Several Electrolyte
Concentrations," M_:romo!ecules, 1,3, pp. 236-244 (1968).

126. Haegglund, E., "Investigations on the Kraft Cooking Process," Svensk
Papperstidning, 48, p. 195 (1945).

127. Haegglund, E., "Sulfidity in the Sulfate Process," TAPPI, 32, 6, p. 241 (1949).

128. Hager, B.L., and G.C. Berry, "Moderately Concentrated Solutions of Polystyrene. I.
Viscosity as a Function of Concentration, Temperature, and Molecular Weight,"
Jo_tmal of polymer Science; Polymer Physics Edi_io.n,20, 911-928 (1982).

129. Halberg, A.K., Svensk Papperstidning, No. 3 (1963).

130. Han, S.T., "Physical Properties of Neutral Sulfite Spent Liquors," TAPP!, 40, No.
11, pp. 921-925 (1957).

131. Hansen, C.M., "Three Dimensional Solubility Parameter- Key to Paint Component
Affinities - 1," ,lourn_l of Pain_ Technology, 39, 505, pp. 104-17; 39, 511, pp. 505
(1967).

132. Hansen, C.M., [&EC Prod, Res. & Dev¢l,, 8, (1), 2 (1969).

133. Harvin, R.L., and W.F. Brown, "Specific Heat of Sulphate Black Liquor," TAPPI
" L, 36, 270 (1953).

134. Hatakeyama, H., K. Kubota, and J. Nakano, "Thermal Analysis of Lignin by
Differential Scanning Calorimetry," Cellulose Chem, Tech., 6, 521-529 (1972).

135. Hatake_,ama, T., K. Nakamura, and H. Hatakeyama, "Studies on Heat Capacity of
Cellulose and Lignin by Differential Scanning Calorimetry," polymer, 23, 1801 -
1804 (1982).

92

II



136. Hatton, J.V., J.L. Keays and J. Hejjas, "Effect of Time, Temperature and Effective
Alkali in Kraft Pulping of Western Hemlock," Pulp and Paoer Magazine of Canada,

I 73, 4, 63-69 (1972).
i

137. Hatton, J.V., "Development of Yield Prediction Equations in Kraft Pulping," TAPPI
56, 7, pp. 97-100; "Application of Empirical Equation to Kraft Process Control,"

TAPPI, 56, 8, pp. 108- 111 (1973).

138. Hildebrand, J., and R. Scott, The Solubility of Non_.lectrolytes, Dover, New York

(1964).
139. Hildebrand, F.B., Advanced Calcul0s for Application, Prentice-Hall, Englewood

I Cliffs, N,J., p. 360 (1962).
!

140. Hill, M.K., and Fricke, A.L., "Ultrafiltration Studies On a Kraft Black Liquor,"
TAPPI, 67, 6, 100 (1984).

141. Hill, M.K., Private Communication (1984).

142. Hill, M.K., DOE Review Conference Report (1985).

143. Hinrichs, D.D., "The Effect of Kraft Pulping Variables on Delignification," TAPPI,
50, 4, pp. 173-175 (1967).

144. Ho, C.Y., P.D. Desai, K.Y. Wu, T.N. Havill and T.Y. Lee, "Thermophysical
Properties of Polystyrene and Poly(vinyl chloride)," Symposium on Th_rmophysical
Properties 7th, Gaithersburg, MD (1977).

145. Hombach, H-P., "Virial Coefficients in Determination of Molecular Weights on
Solutions of Coal Derivatives," Fue_].,60, pp. 663-666 (1981).

146. Hougen, O.A., and Watson, K.M., Chemical Process Principles. Wiley, New York
(1947).

147. Huglin, M.B., "Specific Refractive Index Increments," in Light Scattering fromPolymer Solutic!.ns ed. by M.B. Huglin, Academic Press, New York, Chapter 6

I (1972).

148. Hultin, S.O., Proc. IUPAC/EUCEPA Symp. Recovery of Pulping Chemicals

(Helsinki), 167-182 (1968).

1149.Hunter, R.E., J. Tracy, R. Cutts, R.E. Young, J. Olin and J.L. McCarthy, "Density,
Viscosity, Specific Heat, Thermal Conductivity, and Prandtl Number Versus

r Concentration and Temperature" Sulfite Waste Liquor," TAPP!, 36, 11, p.493-497
(1953).

r 150. Huppler, J.D., E. Ashare and L.A. Holmes, "Rheological Properties of Three

Solutions. Part I. Non-Newtonian Viscosity, Normal Stresses, and Complex
Viscosity," Tr_ms_ctions of the Society of Rh¢o!ogy, 11,159-179 (1967).

F 151. Hurley, P.O., "Kraft Recovery Alternatives-Energy Balance," Report available
through IPC, Appleton, WI (1978).

93



152. Huttermann, V.A., "Gel Chromatography of Na-Lignosulfonates on Sepharose CL-
6B," t-I_;_lzforschung.31, 2, pp. 45-50 (1977).

153. Huttermann, A., "Gel Permeation Chromatography of Water-Insoluble Lignins on
Contrt_lled Pore Glass and Sepharose CL-6B," Holzforschung, 32, 3, pp. 1(i)8-111
(1978).

154. "Indulun," described in Bulletin L-5, Industrial Chemical Sales Div., West Virginia
Pulp and Paper Company.

155. Irvine, G.M., "The Glass Transitions of Lignin and Hemicellulose and Their
Measurement by Differential Scanning Calorimetry,"_., 67, 118-121 (1984).

156. James, A.N., E. Pickard and P.G. Shotten, "Molecular Size Distributions of
Lignosulphonates by Thin Layer Chromatography," Joulnal of Chromatography, 32,
pp. 64-74.

157. Johnson, M.F., W.W. Evans, I. Jordan and J.D. Ferry, "Viscosity of Concentrated
Polymer Solutions. II. Polylisobutylene," Journal _f Colloid Science, 7, 498-510
(1952).

158. Joseph, J.R., J.L. Kardos and L.E. Nielsen, "Growth, Morphologh, and
Reinforcement Potential of Low Molecular Weight Crystals in Amorphous Polymeric
Matrices," J. App!,PoIym. Sci., 12, 1151-1165 (1968)•

159. Kamide, K., T. Terakawa and H. Uchiki, "Molecular Weight Determination of
Macromolecules by Vapor Pressure Osmometry," M_kronaol, Chem., 177, pp.
1447-1464.

160. Kaye, W., "Low Angle Laser Scattering- Particle Measurement," Journal of Colloid
_nd Surface Science, 44, 384-386 (1973).

161. Kaye, W., and A.J. Havlik, "Low-Angle Laser Light Scattering- Absolute
Calibration," Applie_l Optics, 12, 3, pp. 541-550.

162. Kaye, W., "Liquid-Phase Particulate Contaminants in Water," Io_rn_l of Colloid and
Inl;efface Science, 46, 3,543-544 (1974).

163. Kaye, W., and J.B. McDaniel, "Low-Angle Laser Light Scattering - Rayleigh Factors
and Depolarization Ratios," Applied Optlc,_, 13, 8, pp. 1934-1937 (1974).

164. Kerker, M., The Scattering of Light and Other Electromagnetic Radiation. Academic
Press, New York (1969).

165. Kim, H-K., Viscosity of Black Liquors by Capillary Measurements. M.S. Thesis,
University of Maine at Orono (1980).

166. Kim, H.K., A. Co and A.L. Fricke, "Viscosity of Black Liquors by Capillary
Measurements," AIChE Symposium Series, No. 207, Vol. 77 (1981).

167. Kim, H.K., "The Effect of Pulping Conditions on the Molecular Weights of Kraft
Lignin," Ph.D. Dissertation, University of Maine (1985).

94



cb _'_" q,

1100 Wayne Avenue, Suite 1100 ¢_,_° __'_

Centimeter
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 mm

1 2 3 4 5

,nche, IIII1"0""2--',,, = mll_IIII1_
Lg

°='= IIIIl_
;_,,,, IIII1_

IILIINIllll_iIII1_

BY _PPLIED IMAGE, INC. _ _





168. Kimura, F., P.J. D'Arcy and G.C. Genson "Excess Enthalpies and Heat Capacities
for (di-n-propylether + n-heptane)," J. Chem. Thermo., 15, 511-516 (1983).

169. Kirschbaum, E., Chemie-Ing.. - Techn,, 34, No. 3, 183-192 (1962).

170. Kleppe, P.L., "Kraft Pulping," TAPPI, 55.1, pp. 35-47 (1970).

171. Kobe; K.A., and E.J. McCormack, "Viscosity of Pulping Waste Liquors," Industrial
i_nd Engineering Chemistry, 41, No. 12, pp. 2847-2848 (Dec. 1949).

t 172. Kobe, K.A., and Sorenson, A.J., Pacific Pulp Paper Ind., 13, No. 2, 12-13 (1939).

t 173. Kolpak, F.J., D.J. Cietek, W. Fookes and J.J. Cael, "Analysis of Lignins fromSpent Liquors by Gel Permeation Chromatography/Low Angle Laser Light Scattering
(GPC/LALLS)," Journal of Applied Polymer Science" Applied Polymer Symposium.
37, pp. 491-507.

I 174. Koorse, G.M., Mehrotra, A., and Veerami, H., Indian P._lp Paper, 32, No.l, 7
(1977).

175. Korpio, E., Virkoka, N.E., BLRB Symp. (Helsinki), Paper B4 (1984).

i 176. Kratochvil, P., "On the Structure and Properties of Vinyl Polymers and TheirModels. II. Light Scattering by Solutions of Polyvinyl Chloride in Cyclohexanone or
Terahydrofuran," Gollection of (_zech0slovak Chemical Communications. 29, pp.
2767-2782.

177. Kratochvil, P., "Particle Scattering Functions," in Light Scattering from Polymer
Solutions, ed. by M.B. Huglin, Academic Press, New York, Chapter 7 (1972).

178. Kringstad, K.P., and R. Morck, "13C-NMR Spectra of Kraft Lignins,"
.H9lzfor_chung, 37, 5, pp. 237-244 (1983).

179. Krishnagopalan, J., M. Hill and A.L. Fricke, "Development of Methods for Anionic
Analysis of Black Liquors and Application of the Method," Pro_:eedings of the
TAPPI 1984 Research and D._velopment Conference, Appleton, WI, (Sept. 30) pp.
59-63 (1984).

180. Krishnagopoltan, J., M.K. Hill, and A.L. Fricke,, "Chromatographic Analysis of
• ,I I .Kraft Liquor Amons, TAPPI 1,68, no. 9, 108 (1985).

181. Krishnagopolan, J., "Black Liquor Surface Tension," AIChE Nationa! Meeting,
Boston, MA (1986).

182. Kucharikova, I., "Some Aspects of the Estimation of Mn by Vapor Pressure
Osmometry," ,Journal of Applied Polymer Science, 23, pp. 3041-3049 (1979).

183. Landry, G.C.., Private Communication, St. Regis Paper Company, Kraft CenterPensacola, Cantonment, FL 32533 (1984).

184. Lange, W., and W. Schweers, "The Carboxymethylation of Organosolv and Kraft
Lignins," W99d Scienco Technology, 14, 1-7 (1980).

P



!

185. Lankenau, H.G., and Florels, A.R., Pulp and Paper Magazine of Canada, 70, No. 2, I
63-66 (1969).

186. Legg, G.W., and J.S. Itart, "Alkaline Pulping of Jackpine and Douglas Fir: The [
Inflv+ence of Sulphide and Effective Alkali Charge on Pulping Rate and Pulp I

Properties," pulp and Paper Magazine of Canada, (May), pp. T299-T304 (1960).

187+Levine, H.I., R.J. Fiel and F.W. Bilhneyer, Jr., "Very Low-Angle Light Scattering.
A Ci,aracterization Method for High-Molecular Weight DNA," Bi_jg_p_olymers,15,

1267-1281 (1976). I
188. Lewis, C.N., and M. Randall, Thermodynamics, 2nd ed., Chapter 26, McGraw Hill,

New York (1961).
!

189. Lieberman, E.P., "Quantification of the Hydrogen-Bonding Parameter for Resin I
Solvent," Official Digest Federation Soc. Paint Technol.ogy, 34, 444, pp. 30-50

(1962). I
190. Lin, S.Y., and W.J. Detroit, "Chemical Heterogeneity of Technical Lignins - Its

Significance in Lignin Utilization," Ekman Day, 4, pp. 44-52 (1981). |
I

191. Lindberg, J.J., H. Tylli and C. Majani, "Notes on the Molecular Weight and the
Fractionation of Lignins with Organic Solvents," Paperi Puu, 46, 9, pp. 521-526

(1964). I
192. Lindberg, J.J., "Studies on Thermodynamics of Lignins and Related Polymers (II).

Thermodynamics of Solubility," Suomen Kemistilehti, B40, pp. 225-228 (1967). I
1

193. Lindstrom, T., "The Colloidal Behavior of Kraft Lignin, (I) Association and Gelation
of Kraft Lignin in Aqueous Solutions," Colloid and Polymer Scie!lce, 257, 3, pp.

277-285 (1979). 1

194. Lodge, A.S., Elastic .Liquids, Academic Press, New York (1964).
d

195. Lowendahl, L., G. Petersson, and O. Samuelson, TAPPI, 59, 9, 1 18 (1976). I

196. Lundquist, K., B. Ohlsson and R. Simonson, "Isolation of Lignin by Means of
Liquid-Liquid Extraction," Svensk Papperstidning, 80, 5, pp. 143-144 (1977).

197. Lundquist, K., and T.K. Kirk, "Fractionation-Purification of An Industrial Kraft
Lignins," TAPPI, 63, 1, pp. 80-82 (1980).

198. Lundquist, K., B. Josefsson and C. Nyquist, "Analysis of Lignin Products by
Fluorescence Spectroscopy," Holzforschung, 32, 1, pp. 27-32 (1978).

199. Lundquist, K., I. Egyed, B. Josefsson and C. Nyquist, "Lignin Products in Pulping
Liquors and Their Fluorescence Properties," (_ellulose Chemist.ry and Technology.
15, pp. 669-679 (l 981).

200. Luyben, W.L., "Process Modeling, Simulation and Control for Chemical Engineers,"
McGraw-Hill (1973).

201. Maansson, P., "GPC of Kraft Lignins," .Ekman-Day.s, Int. Symp. Wood Pulping
Chem., 5, pp. 94-95 (1981).

96



202. MacDonald, R.G., and J.N. Franklin (eds.), Pulp and Piaper Manufacture Volom¢ I

i .The Pulping of Wood. McG,aw-Hill, NY, 347 (1969).
203. MacKenzie, A.P., "Non-equilibrium Freezing Behavior of Aqueous Systems," Phil.

Trans, R. Soc, Lond. B, 278, 167-189 (1977).

204. Malinen, R., and Sjostrom, E., "The Formation of Carboxylic Acids from Wood
Polysaccharides During Kraft Pulping," Pap. Puu., 57,728 (1975).

205. Marton, J., and T. Marton, "Molecular Weight of Kraft Lignin," TAPPI. 47, 8_ pp,
471-476 (1964).

I 206. Marx-Figini, M., and R.V. Figini, "On the Molecular Weight Determination by VaporPressure Osmometry, 1. Consideration of the Calibration Function," Mak.rom01.
Chem,, 181,pp. 2401-2407 (1980).

i 2(i)7.Massee, M.A., Thermal Analysis of Kraft Black Liquor, M.S. Thesis, University of
Maine, Orono, ME (1984).

208. Massee, M.A., E. Kiran, and A. L. Fricke, "A Thermodynamic Model of the Heat
Capacity of Compositionally Complex Multicomponent Polymer Solutions: Kraft
Black Liquor," Chem. Eng. Comm..,50, 81-91 (1987).

209. Massee, M.A., E. Kiran, and A. L. Fricke, "Freezing and Glass Transition
Phenomena in Polymer-Diluent Mixtures," Polymer, 27, 619 (1986)..

210. McDonald, K.L., "Rapid Determination of Kraft Black Liquor Solids," TAPPI. 62,
1, pp. 80-81 (1979).

211. McDonald, R.G., "Pulp and Paper Manufacture, Vol. I, The Pulping of Wood," 2nd
ed., McGraw-Hill, New York (1969).

212. McDonald, K.L., TAPPI. 60, No. 12, 107-109 (1977).

213. McNaughton, J.G., W.Q. Yean and D.A.I. Goring, "Macromolecular Properties of
Kraft Lignins From Spruce Made Soluble by a Continuous Flow Process," TAPPI,
50, 11, pp. 548-552 (1967).

214. Mehrotra, A., and Veeramani, H., Indian Pulp Paper, 32, No. 3, 3-5 (1977).

215. Melcher, III, J., "Simplifying Experimentation by Factorial Design," TAPPI, 44, No.
6, p. 143A (1961)..

216. Men'iam, R.L., Computer Model of a Kraft Recovery Furn'.4ce, API Report, (1979).

217. Miller, M.L., The Structure of Polymers, Reinhold Publ. Corp., New York (1966).
218. Mita, I., I. Imai, and H. Kahbe, Thermo Chimica Acta, 1,337 (1970).

219. Moacacin, J., Y.F. Felicetta and J.L. McCarthy, "Lignin X. Moment Relationship
Derivation for the Distribution of Diffusion Coefficients in Polymers," J0vrngl of
American Chemical Society, 81, pp. 2052- 2054 (1959).

P 97

P
,i



I
22(I. Moacanin, J.L., V.F. Felicetta, W. Hailer and J.L, McCarthy, "Lignin. VI. [

Molecular Weight of Lignin Sulfonates by Light Scattering," .Journal of American
Chemical Society, 77, pp. 3407 (1955). |

221. Moore, H.K., "Multiple Effect Evaporation Separation," Transactions of American |
Institute 0f Chemical Engineers, 15, p. 244 (1923). !

222. Moore, W.R and B.M. Tidewell, "Instrumentation of Molecular Weight I
Measurements," Chum.. Incl., No. 2, January 14, pp. 61-68 (1967).

223. Morie, G.P., T. A. Power, and C, A. Glover, Then-no Chimica Acta, 3, 259 (1972).

m

224. Morris, C.E.M., "Molecular Weight Determination by Vapor Pressure Osmometry,"

Journal of Po!ymel.'.Science Symposium No. 55, pp. 11-16 (1976). I

225. Morris, C.E.M., "Aspect of Vapor Pressure Osmometry," Journal of Applied

Polymer Science, 21, pp. 435-448 (1977). I

226. Murray, J.P., K. J. Cavell, and J. O. Hill, Thermo Chimica Acta, 36, 97 (1980).

227. Narayanan, A.K., M.S. Thesis, University of Maine, Orono, ME (1984).

228. Nassar, M.M., "Thermal Studies on Kraft Black Liquor," _I,Ch_m. T_ch,

Biotechno!., 34A, 21-24 (1984). I
m

229. Nguyen, T., E. Zavarin, and E.M. Barrall, II, "Thermal Analysis of Lignocellulosic
Materials, Part 1. Unmodified Materials," J. Macmm01. Sci. - Rev. M.a?romol, |
Chem., C20, 1, 1-65 (1981). I

230. O'Neill, J.M., "Measurement of Specific Heat Functions by Differential Scanning I
Calorimetry," Analyt. Chem,,_38, 1331 (1966). I

231 Obiaga, T. I., and M. Wayman, "Molecular Weight Distribution of Lignin During
Alkaline Pulping," Svensk Papperstidning, 76, 18, pp. 669-703 (1973).

232. Obiaga, T.I., and M. Wayman, "Improved Calibration Procedure for Gel Permeation
Chromatography of Lignins," Journal of Applied Polymer Science, 18, pp. 1943-
1952 (1974).

233. Oshen, S., Plivate Communication (1984).

234. Ostwald, W., Kolloid-Z., Vol. 36, 99-117 (1925); also, A. deWaele, Oil and Color
Chem. Assoc. J,, 6, pp. 33,88 (1923).

235. Oye, R., N.G. Langforg, F.H. Phillips and H.G. Higgins, "The Properties of Kraft
Black Liquors from Various Eucalyptus and Mixed Tropical Hardwoods," APPITA,
31, No. l, pp. 33-40 (1977).

236. Perry, R.H. (ed.), Perry's. Chemical Engineers' Handboo.k, Sixth Edition, 3-233,
McGraw-Hill (1984).

237. Philippoff, W. and F.H. Gaskins, "Viscosity Measurements on Molten
Polyethylene," Journal of Polymer Scien?e, 2 l, pp. 205-222 (1956).

98



238. Pla, F., P. Froment, R. Capitini and A.M. Tistchenko, "Study of an Extractive
Lignin by Light Scattering with a Laser Source," Cellulose Chemistry and
Technology, 11, pp. 711-718 (1977).

i 239. Prausnitz, J.M., T.F.Anderson, E.A. Grens, C.A. Eckert, Hsieh, and J.P.
O'Connell, Comput0r Calculations for Multicomponent Vapor Liquid and Liquid-

I Liquid Equilibria, Prentice-Hall, New York (1980).
240. Proctor, A.R., W.Q. Yean and D.A.I, Goring, "The Topochemistry of

Deiignification in Kraft and Sulphite Pulping of Spruce Wood," Pulo and p_perMagazine of Canada, 68, pp. T445-453 (1967).

l 241. Ramiah, M.V., "Thermogravimetric and Differential Thermal Analysis of Cellulose,Hemicellulose, and Lignin," J. Appl. Polym, S_I,, 14, 13231337 (1970).

242. Ramsey, J.C., A.L. Fricke, and J.A. Caskey, "Thermal Conductivity of Polymer

Melts," _, 17, 1597 (1973).
243. Reich, L., and S.S. Stivala, Elements of Polymer Degradation, McGrawHill, NY,

I 164 (1971).
244. Reid, R.C., J.M. Prausnitz, and T.K. Sherwood, The Properties of Gases and

_, McGraw-Hill, New York (1977).245. Reiner, M., Deformation, Straim and Flow, Interscience, New York, p. 43 (1960).

246. Rezanowich, A., W.Q. Yean and D.A.I. Goring, "The Molecular Properties of MilledWood and Dioxane Lignins; Sedimentation, Diffusion Viscosity, Refractive Index
Increment, and Ultraviolet Absorption," Svensk Papperstidning, 66, pp. 141-149

i (1963).
247. Robinson, M.L., and D.T. Clay,.AIChE National .Meeting (San Francisco) (1984).

248. Rosenblad, A.E., TA.PPI, 56, No. 9, 85-88 (1973).

249. Ross, G., and L. Frolen, "The Characterization of Linear Polyethylene SRM 1475.

J X. Gel Permeation Chromatography," Jo_H'nal9f Research of the National Bureau ofStandards, 76A, pp. 163-170 (1972).

25(I. Rudin, A., The Elements of Polymer Science and Engineering: An Introductory Texlfor Engineers and Chemists, Academic Press, NY, Chapters 2 and 12 (1982).

251. Rydholm, S.A., Pulping Processes. Interscience Publishers, NY, 576 (1965).

252. Sarkanen, S., D.C. Teller, J. Hall and J.L. McCarthy, "Lignin. 18. Associative
) ) :, ,,Effects Among Organosolv Lignin C( mpc nents, Macromolecule_, 14, pp. 426-434

(1981).
253. Sarkanen, S., D.C. Teller, E. Abramowski and J.L. McCarthy, "Lignin. 19. Kraft

Lignin Component Conformation and Associate Complex Configuration in Aqueous

Alkaline Solution," Macromolecules, 15, 4, 1098-1104 (1982).PP.

254. Sarkanen, K., and C.H. Ludwig (eds.), Lignins; Occurrence, Formation._,Structure

i and Reactions, NY, Wiley-Interscience (1971).

99

P



255. Schmidl, W., D.J. Dong, and A.L. Fricke, "Molecuh,r Weight and Molecular Weight
Dist6bution of Kraft Lignins," MamlJals Research Society Sympot_ium Pr0_e_dings,
197, 21 (1990).

256. Schuerch, C., "The Solvent Properties of Liquids and Their Relation to the Solubility,
Swelling, Isolation and Fractionation of Lignin," _,_)tt!,nal of Americ_ln Chemical
Society, 74, pp. 5(/61-51)67 (1952)

257. Sebera, D., Electronic Structure and Chemical Bonding, Blaisdell Publishing Co.,
New York (1965).

258. Seymour, R.B., "Solubility Parameters: Yesterday and Today," Procee_dings of the
ACS Division of Polymeric Materials" Science and Engineering, 51, ACS Fall
Meeting, pp. 512-517 (1984).

259. Shogenji, T., and M. Koyania, Kami Pa Gikyoshi, 21), 11,626-30, (1966).

26(I. Shotton, P.G., P.C. Hewlett and A.N. James, "The Polydisperse Nature of
Lignosulfonates," TAPPI, 55, 3, pp. 407-415 (1972).

261. Simha, R., Journ'.al of Applied Physics, 23, p. 1020 (1952).

262. Simha, R., and R.F. Boyer, "Second Order Transition Temperatures and Related
Properties of Polystyrene. I Influence of Molecular Weight," J, Chem,Phys, 37,
10()3 (1962) .

263. Simonson, R., "The Hemicellulose in the Sulfate Pulping Process", Svensk.Papp,,
74, 691 (1971).

264. Sjostrom, E., Wood Chemistry: Fundamentals and Applications, Academic Press,
New York, NY (1981).

265. Sjostrom, E., "The Behavior of Wood Polysaccharides During Alkaline Pulping
Processes," TAP PI, 60, 151 (1977).

266. Small, J.D., The Thermal Stability of Kraft Black Liquor at Elevated Temperatures,
M.S. Thesis, University of Maine, Orono, ME (1984).

267. Small, J.D., Jr. and A.L. Fricke, Thermal Stability of Kraft Black Liquor Viscosity at
Elevated Temperatures," I&EC Prod. Res. & Devel,, 24, 608 (1985).

268. Small, J.D., Jr. and A.L. Fricke, "A Dual Chamber Capillary Viscometer for
Viscosity Measurements of Concentrated Polymer Solutions at Elevated
Temperatures," J. Sci. Instru,,57,6, pp. 1182-1184 (1986).

269. Smith, P., and A.J. Pennings, "Eutectic Solidification of the Quasi Binary System of
Isotactic Polypropylene and Pentaerythrityl Tetrabromide," ,1,Polym, Sci, PP ed.,
15, 523-540 (1977).

270. Smith, P., and A.J. Pennings, "Eutectic Crystallization of Pseudo Binary Systems of
Polyethylene and High Melting Diluents," _, 15,413 (1974).

271. Sobczynski, S.F., AIChE National Meeting (Washington) (1982).

m

ioo



272. Stacy, K.A., Light Scattedng in Physical Chemistry, Academic Press, New York,
NY (1956).

273. Stamm, A.J., Wood and Cellulose Science, Ronald Press Co., New York, Chapter 6
(1964).

274. Stenhof, T.J., and L. Agrawal, "Viscosity of Black Liquor," Presented at the 89th
AIChE National Meeting, Portland, Oregon.

J 275. Stevens, S., Private Communication (1986).

j 276. Tanaka, Genzo and K. Solc, "Second Virial Coefficient of Polydisperse Polymers,"M_crom01ecules, 15, pp. 791-800 (1982).

277. Taylor, H.S., and H.A. Taylor, Elementary Physics! (_hemistry, 3rd ed., Van

J Nostrand, New York, 216 (1942).
P.

278. Teas, J.P., "Predicting Resin Solubilities," A_hland Chemical Company Teqh, Bull,

J 12_06 Ashland Chemical Company, Ashland, KY (1971).
279. Thomas, D.G., Journal of Colloid Science, 20, pp. 267-277 (1965).

J 280. Turi, E.A. (ed.), Thermal Characterization of Polymeri_ Materials, NY, Academic
Press, 235 (1981).

J 281. Utracki, L.A., and B. Fisa, "Rheology of Fiber- or Flake-Filled Plastics," polymerComposites, 3, No. 4, pp. 193-211 (1982).

J 282. Utracki, L.A., and R. Simha, Journal of Rheology, 25, p. 329 (1981).
283. Veeramani, H., TAPPI Non..w.ood Plant Fiber Pulping Progress R_pt. No. 9, 97

j (1978).284. Villa, J., "Fast Determination of the Inorganic Fraction in Kraft Black Liquors,"
TAPPI, 63, No. 11, p. 153 (1980).

J 285. Volkov, A.D., and Grigor'ev, G.P., Physical Properties of Soent Liquors of the Pulp
Industry, Lesnaya Promyshlenost, Moscow (19"]0).

J 286. Volkov, A.D., Sokolov, V.V. and Blekhert, G.P., Bumazh, Prom,, 22, 63 (1969).

J 287. Wagner, H.L., and F.L. McCrackin, "Branching and Molecular Weight Distributionof Polyethylene SRM 1476," Journa! of Applied Polymer S._ience, 21, pp. 2833-
2845 (1977).

J 288. Wetherhorn, D., TAPPI, 56, 6, 88-90 (1973).

j 289. Whalen, D.M., "A Simple Method for Precipitating Easily Filterable Acid Lignin fi'omKraft Black Liquor," TAPPI, 58, 5, pp. 11()-112 (1975).

290. Wight, M.O., An Investigation of Black Liquor Rheology Versus Pulping

J Conditions, Ph.D. Thesis, University of Maine at Orono (1985)
o

lOl



291. Wight, M.O., T.E. Farrington, and A.L. Fricke, A|ChE National Meeting (San
Francisco) ( 1984).

292. Wight, M.D., A. Co, A. L. and Fricke, "Viscosity of Black Liquor by Cone-and-
Plate and Parallel-Disk Viscometry," AIChE Syrup. Series, NO,2(i)7,77 (1981).

293. Wight, M.O., Private Communication (1984).

294. Yan, J.F., and D.C. Johnson, "Molecular Weight Distribution in the Lignin Sol,"
Jo_trnal of Agficu!tl_ral _jndFood Chemi_trg., 28_850-855 (1980)

295. Yah, J.F., "Molecular Theory of Delignification," Macromolecules, 14, 5 1438- 1445
(1981).

296. Yan, J.F., F. Pla, R. Kondo, M. Dolk and J.L. McCarthy, "Lignin. 20.
Depolymerization by Bond Cleavage Reactions and Delegation," Macromolecules,
17, 2137-2142 (1984) .

297. Yean, W.Q., and D.A.I. Goring, "Simultaneous Sulphonation and Fractionation of
Spruce Wood by a Continuous Flow Method," pulp and PaperMagazine of Canada,
65, (Convention Issue), 127-132 (1964).

298. Yean, W.Q., and D.A.I. Goring, "The Molecular Weights of Lignosulphonates from
Morphologically Different Subdivisions of Wood Structure,".Svensk Papperstidning,
68, 787-790 (1965).

299. Yean, W.Q., and D.A.I. Goring, "Molecular Properties of Sodium Lignosulphonates
by a Continuous Flow Bisulphite Process," Svensk Papperslidning. 71,739-743
(1968).

300. Young, R.J., Introduction to Polym.er.,,;,Chapman and Hall, London, 204 (1981).

301. Zamora, F., and M.C. Gonzalez, "Polydispersity Influence on Polymeric Eutectic
Mixtures," J, Polym, S¢i, PLcd,, 22, 267-271 (1984).

302. Zebbs, F.L., "The Effect of Sulfidity in Southern Pine Kraft Pulping," TAPP[, 39,
4, pp. 180A (1956).

102



• ,




