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EXECUTIVE SUMMARY

This is a complete summary of research results for the program entitled: "A

Comprehensive Program to Develop Correlations for the Physical Properties and Composition of
Black Liquors" that has been supported by the U.S. Department of Energy, many industrial firms
and the University of Florida.

A complete rationalization of black liquor behavior that is fundamentally sound and
theoretically based has been developed and applied successfully to black liquor studies. Many new
experimental methods for precise measurement of liquor properties and lignin characterization have
been developed and improvements and refinements have been made for a number of analytical
procedures.

Pulping experiments have been conducted and analyzed. Liquors from these experiments
have been analyzed to define the solid composition as thoroughly and completely as possible.
Lignins from these liquors have been characterized with respect to molecular weight and optical
properties.

Correlations relating yield, Kappa numbers, lignin concentration, lignins number average
molecular weight, and lignin weight average molecular weight to pulping conditions for kraft
pulping of Slash Pine have been developed successfully. Molecular weight distributions have been
determined by size exclusion chromatography and the effect of pulping conditions on various
averages determined.

Density, heat capacity, heat of dilution, enthalpy-concentration, vapor pressure equilibria,
and boiling point elevation have been determined for all of the Slash Pine black liquors. Data
reduction correlations were developed for all of these properties. Correlations to relate density at
solids concentrations below 65-70%, heat capacity, heat of dilution and boiling point elevation at
solids conscentraion below 85%, and heat of combustion to pulping conditions for Slash Pine have
been developed successfully. Correlations relating heat of combustion to solids composition have

been developed. All behaviors examined have been shown to be general for all black liquors.



Rheological behavior has been explored extensively. Basically, black liquor behavior can
be divided into two regimes: low solids concentrations where liquors behave as a dilute polymer
solution and high solids concentrations where liquors behave as a concentrated polymer solution or
a plasticized glass. Behavior in the former is Newtonian, and behavior in the latter is non-
Newtonian or viscoelastic. Two different models, one based on colligative properties and one
based on combined activation energy and free volume theories, have been used successfully to
reduce low solids concentration viscosity data. Constants for both have been correlated with
respect to pulping conditions and liquor solids composition successfully for Slash Pine black
liquors. Two models, one of which is empirical, have been used to reduce Newtonian viscosity
data at high solids concentrations. Effects of pulping conditions and liquor solids composition
have been critically examined. Models and superposition principles developed for non-Newtonian
and viscoelastic behavior of polymer melts and concentrated polymer solutions have been applied
successfully to black liquors. Effects of pulping conditions have been examined. A generalized
shift factor for non-Newtonian behavior of Slash Pine black liquors has been developed. It has
been shown that viscoelastic effects are not significant for liquor firing at 120°C and solids
concentrations up to 85%.

Technology has been transferred as developed. Five interim technical reports have been
submitted to the U.S. Department of Energy. More than 25 reviewed research publications have
appeared in research journals. Even more research papers have been presented before audiences at
international or national technical society meetings or at DOE review meetings. In addition,

numerous seminars and presentations have been given at universities and at industrial installations.
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1.0 INTRODUCTION

An involved research program entitled: "A Comprehensive Program to Develop
Correlations for the Physical Properties and Composition of Black Liquors" has been conducted at
the University of Florida under the sponsorship of the U.S. Department of Energy, industrial
firms, and the University of Florida. The overall objective of the program was to develop
correlations to predict physical properties within requirements of engineering precision from a
knowledge of pulping conditions and of kraft black liquor composition, if possible. These
correlations were to include those relating thermodynamic properties to pulping conditions and
liquor composition.

The basic premise upon which the research was based is the premise that black liquor
behaves as a polymer solution. This premise has proven to be true, and has been used
successfully in developing data reduction methods and in interpreting results.

From previous work, it was known that response of several physical properties tested was
non-linear with respect to pulping conditions. Further, no systematic study of the total effect of
pulping conditions on properties had been made; the most complete studies made had been only
two-level studies of the effects of pulping variables. Therefore, carefully controlled pulping
experiments were planned and conducted in order to supply liquors for properties studies where
the liquors originated from known conditions and were produced on a scale that could be expected
to duplicate pulping in mills.

A three phase effort involving pulping, analysis of liquor composition, and measurement of
liquor properties was conducted that is best illustrated in Figure 1.1. Controlled pulping
experiments were conducted to totally explore the major pulping variables for a single species over
a wide range of Kappa Number and yield. The results of pulping were analyzed. The
compositions of the black liquors produced were determined as completely as possible and results
correlated with respect to pulping conditions. Physical and thermodynamic properties of the
liquors that are of importance, with the excepﬁoﬁ of surface tension and thermal conductivity, were

determined for each liquor as a function of the variables—concentration, temperature, shear rate—



Figure 1.1

Schematic Illustration of Experimental Approach
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affecting that property. Data reduction methods were developed for each of these properties. The
constants developed by data reduction were then correlated with pulping conditions. Finally, the
constants for reduced properties data were correlated with liquor composition in most cases. In a
few cases, the complexity of the problerﬁ prevented successful development of correlation of data

reduction constants with liquor composition. However, even in these cases, methods were

developed to drastically reduce the experimental effort to quantify that property for a liquor.

Finally, considerable effort was devoted to generalization to liquors produced from kraft
pulping of other species and to liquors produced from other types of pulping. In all cases, data
reduction methods and interpretations of results were found to be valid. Kraft liquors examined
included those from pulping Western softwoods, Mid-Atlantic hardwoods, and Northern
hardwoods as well as those produced by sulfite, carbonate, and semi-chemical pulping.

More than 25 reviewed research publications on this work have been published in leading
research and technical journals. More than 30 research presentations have been made at national
and international technical meetings. In addition, numerous presentations have been made in

seminars before audiences of various sizes at other universities and at industrial locations.
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2.0 PULPING

Originally, we had planned to contract with industry for pulping in industrial laboratories to
supply liquors for study that had been produced under known pulping conditions. This was not
possible. Therefore, the first step in the program was to design and construct a digester, and to
select and install a liquor concentration system at the University of Florida. This was done with
the advice and guidance of industrial researchers. The system that was built, housed in a building
constructed by the University for this purpose, has been fully described in earlier technical reports
to the U.S. Department of Energy (Fricke, 1989, Fricke, 1990).

The digester is a 3.5 ft3 (0.100 m3) jacketed vessel with an ID. of 12 inches (0.305 m)
and an overall length of nearly 68 inches (1.73 m) with an interior straight side of 56.63 inches
(1.438 m). The digester is mounted on tumbrels so that the digester can be rotated end-over-end at
arate of 0.25 to 2.5 rpm. Steam is fed to the jacket and condensate removed through rotary joints
in the tumbrels. The maximum supply steam pressure is 250 psig (1.72 MPa), but the supply
steam can be pressure and flow controlled so that jacket temperature or rate of heat input can be
controlled.

Chips are contained in a thin walled cylinder with filter screen packs at the top and bottom
of the cylinder. The bottom is conical to fit the digester. This proved to be a very good
arrangement for loading and unloading the digester without loss of pulp as well as for liquor
circulation during pulping.

A pressurized feed tank for white liquor and a feed tank for water for pulp washing are
included. The contents of these tanks can be temperature controlled. The white liquor tank
capacity is approximately 27 gallons (0.102 m3) and the water tank capacity is 184 gallons (0.695
m3). Liquids are fed to the digester under batch control by a centrifugal pump that can deliver 20
gpm (0.076 m3/min) at a 45 ft (13.7 m) head. Thus, the vacant space in the digester when loaded
with chips can be filled with liquid in less than one minute.

The bottom of the digester is equipped with a full opening ball valve. For discharging the

digester, the valve is connected to a 4-inch flex hose with the other end of the hose connected to the
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top of a 125 gallon (0.473 m3) receiver equipped with a 10 £t2 (0.93 m2) U-bend heat exchanger.
The receiver can be evacuated to eliminate air.

When digestion is completed, the flex hose is connected and the liquor discharged into the
tank. The bottom valve is closed, the digester filled with a metered quantity of wash water that is
also discharged into the receiver after a specified wash period. The wash procedure is repeated.
The original liquor plus two washes are cooled to below 100°F (37.8°C) and discharged from the
receiver through a polishing filter into a portable plastic tank. The pulp is then washed
exhaustively with hot water, the digester opened, the pulp unloaded, weighed, and sampled.

During development, we added an additional feature to the system—Iliquor circulation. A
short section with a cylindrical screen pack was placed upstream of the full opening valve at the
bottom of the digester. The drain from this screen pack was connected to a diaphragm pump with
variable speed control and the liquor discharged from the pump returned to the top of the digester.
The pump is capable of pumping 30 gpm (0.114 m3/min). This also offered the advantage, since
the digester is stationary, of measuring temperature at different points in the bed and of measuring
digester pressure during digestion.

The digester can be operated as a closed batch autoclave, as a rotating closed batch
autoclave, or as a batch autoclave with liquid circulation. The digester was operated in all three
modes in this work, but most of the digestion was done using the digester as a batch autoclave
with liquid circulation. Digestion and washing were done under conditions that eliminated or
minimized exposure to oxygen at temperatures above 100°F (37.8°C).

The digestion system proved to be extremely flexible with good control response. Chips
could be preheated, liquid could be loaded precisely to * 0.1% of the quantity desired at a
temperature within less than & 0.5°C of the temperature desired. Liquor loading time was about
one minute. Heat up to digestion temperature could be controlled. It is possible to ramp the
temperature linearly to the digestion temperature in about 5 minutes, but a heat-up time of about 20
minutes without linear ramping was normally used to simulate mill conditions. Digestion

temperature could be controlled uniformly within the digester to better than & 0.5°C when liquor
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circulation was used and total digestion time could be controlled to within + 5 seconds or less.
Wash water quantities and washing times could be controlled to similar precisions. The discharged
liquor and two washes contained about 97% of the total liquor solids, and results of a number of
analyses showed that the solids composition for the ﬁquor collected and for the final exhaustive
wash were identical; therefore, the liquor collected is representative of the total liquor.

A sample of the liquor-wash solution was taken and retained for analysis. The black
liquor-wash solution was then concentrated in two steps using an Artisan horizontal, wiped film,
nominal one ft2 (0.093 m2) evaporator. A full description of this evaporator system has been
given in earlier reports (Fricke, 1987, Fricke, 1990). The liquor was first evaporated to a
concentration of 27-29% solids, cooled, and the soap removed by decanting. The liquor was then
concentrated in a second step to 43-47% solids, placed in 5 gallon (18.9 liter) HDPE containers,
nitrogen blanketed, and sealed. These were stored at 4°C until needed for properties studies.
Earlier work had shown that kraft black liquor stored in this fashion remains unchanged for very
long periods of time.

A schematic illustrating the path that was used for every liquor produced in this program is
given in Figure 2.1. There was only one reversal of this path. Liquor that had been soap skimmed
and stored at 43-47% solids and 4°C was used for properties evaluation at solids concentrations
below 43-47% by diluting the liquor with water to the desired concentration. This was done to
conserve cold storage space, but does yield valid results. Earlier work had shown that diluted
liquors exhibit the same properties as fresh liquors of the same concentration if the kraft black
liquor to be diluted is at less than 50% solids.

2.1 Pulping Conditions and Pulping Experimental Design

There are many pulping variables that could be investigated, but the principal ones are
effective (or active) alkali, sulfidity, temperature, and time at temperature. A multi-level, Box-
Wilson rotatable composite experimental design with limited center point replicates was adopted for

the four variable experiment. The actual ranges for the variables were set with the advice of
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Figure 2.1
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industrial experts to include all important conditions for pulping Southern softwood. The ranges

set for pulping variables were:

Effective Alkali: 11.5-17.5%

Sulfidity: 12.5 - 42.5%

Temperature: 320-360°F (433.3-455.8°K)
Time at Temperature: 20-100 minutes

The coded and actual conditions for each expeiimental point in the design are given in Table 2.1. It
was expected that pulp with Kappa Numbers ranging from 20 to 90+ would result.

Synthetic white liquors were used and a number of pulping variables were set. Synthetic
white liquors were prepared from chemical grade NaOH, NasS, NapCO3, and NasSO4 to be
equivalent to a liquor at 93% reduction and 85% causticizing efficiency. The wet chip load was
kept relatively constant at 65-70 1bs (29.5 - 31.7 kgs), and the liquor-to-dry wood ratio used was
always 4/1. Time-to-temperature was constant at 20 minutes. Two washes, each equivalent to
half the liquor charge, were used. The final wash that was discarded was 100 gallons (0.379 m3)
or slightly more.

Commercial slash pine chips obtained from a local mill were used. This introduced
variation in chips, because all chips were not the same; chips were obtained periodically in lots
sufficient for six to eight digester runs. Howeyver, the variation introduced no doubt reflects the
variation to be expected at mills. The chips as received were spread thinly and chips with bark
removed by hand. The chips used had a maximum dimension of 2.88 cm + 0.88 cm. After bark
removal, the chips were thoroughly mixed, sampled, divided into batches of about 70 1bs (31.75
kgs), and sealed in plastic bags until used. The chip samples (usually three samples of 0.5 kgs
each) were oven dried to determine chip moisture as per TAPPI standards.

A digester cook normally required nearly 2 man-weeks to complete, including liquor

concentration and soap skimming. Digester cooks were duplicated at each experimental condition.
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TABLE 2.1

Kraft Pulping Experimental Design

VARIABLES
Coded Values
No. EA S t T EA, % S, % t, Min. T, °F
1 -1 -1 -1 -1 13 20 40 330
2 -1 -1 1 1 13 20 80 350
3 1 -1 1 -1 16 20 80 330
4 1 -1 -1 1 16 20 40 350
5 -1 1 1 -1 13 35 80 330
6 -1 1 -1 1 13 35 40 350
7 1 1 -1 -1 16 35 40 330
8 1 1 1 1 16 35 80 350
9 -1 -1 1 -1 13 20 80 330
10 -1 -1 -1 1 13 20 40 350
11 1 -1 -1 -1 16 20 40 330
12 1 -1 1 1 16 20 80 350
13 -1 1 -1 -1 13 35 40 330
14 -1 1 1 1 13 35 80 350
15 1 1 1 -1 16 35 80 330
16 1 1 -1 1 16 35 40 350
17 0 0 0 0 14.5 27.5 60 340
18 0 0 -2 0 14.5 27.5 20 340
19 0 0 2 0 14.5 27.5 100 340
20 0 0 0 -2 14.5 27.5 60 320
21 0 0 0 2 14.5 27.5 60 360
22 -2 0 0 0 11.5 27.5 60 340
23 2 0 0 0 17.5 27.5 60 340
24 0 -2 0 0 14.5 12.5 60 340
25 0 2 0 0 14.5 42.5 60 340
EA = effective alkali, % S = sulfidity, %

T = Temperature, °F

t = time at temperature, minutes
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A complete rotatable designed experiment was done with liquor circulation and a partial design was
done with a closed, rotating digester. If the Kappa:Number and the pulp yield for duplicate cooks
did not agree within certain limits, the black liquors and pulp were discarded and the digestion at
that experimental condition was repeated. Approximately 100 total cooks were performed.
However, the quantitative evaluation of properties is based upon the black liquors produced in the
rotatable composite Box-Wilson design with liquor circulation during digestion.

A complete description of the experimental design used with coded and actual values for

each of the four variables is given in Table 2.1.

2.2 Pulp Yield and Kappa Number
Time and temperature were treated as separate and independent pulping variables for

purposes of black liquor properties variation. However, it is known that a combination of these

two variables, called the H-Factor can be used as a variable for correlating some responses. The

H-Factor is defined as (Vroom, 1957):

t
H ~ Factor = H = [ exp[43.2-16,113/T]dt 2.2)

where: T = temperature, °K

t = time, hours

Complete results for yield, Kappa Number, and H-Factor for each cook for the

experiments éonducbed with liquor circulation are given elsewhere (Dong, 1993).
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2.2.1 Data Analysis and Correlation

Our general approach was to use response surface analysis. A complete quadratic model:

Y=a, +iaiXi +iaicxf+iaﬁxixj @2.2.1)
i=l

i=1 i<j
was tested where:

Y = estimate of response (dependent variable)
X; = independent variable, i

a0, j, ajj, 2jj = regression parameters

This types of model was tested using RSREG procedures and Mallow's statistic as a criterion.
The parameters determined for the best fits of Kappa Number and yield are given in Table 2.2.1.
These equations can be used to construct contour surfaces for yield and Kappa Number response
to any two of the four pulping varia;bles with the other two set at constant values. The regression
coefficient is only about 0.92 for these variables. As will be discussed in a publication included as
part of this report, analysis of an earlier experiment conducted in a rotating digester with the same
wood species, but where all digester cooks were conducted using one lot of chips, gave the
regression coefficients were about 0.98. It appears that the difference is due principally to lot-to-
lot variations in the chips in the circulation experiments.

Inspection of the parameters in Table 2.2.1 shows that the linear effects dominate with
significant contributions of only a few of the higher order effects. This, as well as results of prior
studies directed us toward evaluation of simpler models. Yield was related to Kappa Number for
results of both our circulation pulping data and the earlier rotating digester data taken with the same

wood species. These are equations of the form:

A+BK (2.2.2)



TABLE 2.2.1

Parameters for Predictive Models for Kappa Number and Pulp Yield

Pulp Yield Kappa Number
INTERCEPT 1.844E+2 INTERCEPT 5.206E+2
EA 5.148E+1 EA 9.069E+1
S -3.904E+0 S -1.077E+1
t -8.880E+0 t -7.053E+0
EA*EA -3.517E-1 t*t 9.667E-3
t¥t 5.393E-3 EA*S -2.627E+0
EA*S -1.283E+0 EA*t -6.346E-1
EA*t 1.032E-1 EA*T -3.294E-1
EA*T -1.553E-1 S*t 8.130E-1
S*t 2.447E-1 EA*S*t -1.160E-2
T*t 1.913E-2 EA*S*T 9.262E-3
EA*S*T 4.484E-3 EA**T 2.749E-3
S*T*t -6.040E-4 S*T*t -1.789E-3
EA¥W*T*t -7.300E-6
P 13.00 12.00
Cp 10.54 7.76
R-square 0.9445 0.9332
AdjR-square 0.9177 0.9082
SQroot MSE 2.26 7.94
P-value 0.0001 0.0001

Note

EA -- effective alkali (%), S -- sulfidity (%), t -- time-at-temperature (minute),
T -- cooking temperature (F), p -- number of non-constant terms in the model,
Cp -- Mallow's statistic, P-value - significant value.

SQroot MSE -- square root of the residual mean square.
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and
Y =A +BK +CK?2 2.2.3)
where:
Y = pulp yield, % ' /L J
K = Kappa Numb < rout re/:;iOl ‘
= Kappa Number
. Eé/(‘ - e/T/C./M ef' us<
A, B, C = regression constants ' a; e / octyroni <
ran Corn
Complete analysis is given in the publication: Zaman, A.A., D.J. Dong, and A.L. Fricke,
"Kraft Pulping of Slash Pine" AIChE 1991 Forest Products Symposium, 49-57 (1992), which is

included as part of this report. In addition, non-linear models for yield and Kappa Number were

developed using the H-Factor that are of the form:

Y,K = A —B[fnH|[EAT[S]* (2.2.4)

where:

Y = pulp yield, %
K = Kappa Number
H = H-Factor

EA = effective alkali
S = sulfidity

A, B, ¢, d = regression constants

Values for the constants for each equation are given in the publication.
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The second order equations (equation 2.2.3) yielded regression coefficients of 0.98 and
0.92 for rotational and circulation experiments. Again, the difference is probably due principally to
chip variations in the circulation digester experiment. Non-linear equations of the form of equation
2.2.4 were fitted to both sets of data with improvements in the correlation coefficients to 0.98+ for
both sets of data for both Kappa Number and yield. Data at constant sulfidity (two-levels) were
fitted to:

Y = A-B[/nHJ[EAT (2.2.5)

as suggested by Hatton (Hatton, 1972, Hatton, 1973), with regression coefficients of 0.99+ for
both experiments. As expected, effective alkali has the greater effect on yield and sulfidity has the
greater effect on Kappa Number.

The recommended non-linear equations for yield and Kappa Number for circulation and

rotational digestion of slash pine are:

Rotation:
Y =112.48-3.135[4n H[EA]**[S]*** (2.2.6)
K = 463.56 —18.24[tn H[EA]*'[S]**® (2.2.7)
Circulation:
Y =118.27-2.315[¢nHEA]***[S]"* (2.2.8)

K =303.78 — 6.53[¢n H][EA]**[S]*"! (2.2.9)
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These equations summarize quantitatively our pulping results. Pulping experiments
performed after these equations were developed yielded results in agreement with the equations.
Graphs of results are included in the publication on pulping that is part of this report (Zaman,

Dong, Fricke, 1992).
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3.0 LIQUOR ANALYSIS

Analysis of the liquors produced in the digester experiments was an integral part of the total
program. Detailed descriptions of the analytical procedures used have been given in an earlier
report (Fricke et al., 1997). Analysis of each liquor consisted of quantitative determination of
sulfide, sulfite, thiosulfate, sulfate, carbonate, and oxalate negative ions; sodium, potassium,
calcium, and magnesium content; formate, acetate, lactate/glycolate, and lignin content; and pH,
residual active alkali, and sulfated ash (organic-to-inorganic ratio). These were all reported as a
mass fraction or wt% of total black liquor solids.

Results are given in Table 3.0.1. Generally, results summed to 78 to 85%. The remainder
is presumed to be cellulosic degradation products that are higher in molecular weight than lactate.
The potassium, magnesium, calcium, and chloride were present in traces in the chemical used to
make synthetic white liquors and some of these constituents were also extracted from the wood
chips. All are present only in small quantities in the liquors with no significant correlation with
respect to pulping conditions. In general, sulfide is converted substantially to other, more
oxidized, sulfur ions or is reacted with the lignin. The sum of quantities of oxalate, formate,
acetate, and glycolate/lactate is a significant quantity, but there is no significant correlation with
pulping conditions. However, sodium and lignin content and organic/inorganic ratio varied
significantly with pulping conditions, as expected. These, particularly lignin content, were
explored extensively in correlating properties.

If considerable amounts of some of the ions present here in only small amounts—chloride,
magnesium, potassium, and calcium—should be present in a mill white liquor in significant
amounts, effects on some properties (particularly viscosity) could be substantial because of the
resulting association effects with organics. This has been investigated to some extent in auxiliary
work on zeta-potential changes for lignin with respect to concentration of these ions (Dong, 1993,

Dong et al., 1996). However, that is not part of this study.
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3.1 Lignin Analysis

Since variations in lignin were expected to affect liquor properties substantially, a great deal
of effort was devoted to refining the method used for analysis for concentration and for refinement
and development of methods for characterizing lignin molecular weight.

UV-visible analysis was chosen as the preferred method for determination of lignin
concentration in black liquor. Uncertainties existed, however, and it was determined to conduct a

preliminary study to determine the effects of concentration, pH, lignin molecular weight and

molecular weight dispersion, and temperature on the UV-visible response of lignin, and to check
the analytical method developed against a material balance of all solutions produced during lignin
purification from kraft black liquor.

Details of this development and results are given in the publication: Dong, D.J. and A.L.
Fricke, "UV-Visible Response of Kraft Lignin in Softwood Black Liquor," Material Research
Society Proceedings, 197, 77-86 (1990) that is included as part of this report. VQFP 5\"% 4;’\ oved,

In summary, measurements made at a pH > 13 are unaffected by lignin molecular weight
and molecular weight dispersion with absorbance that is linear with respect to concentration up to a
concentration of about 0.08 gm per liter. In NaOH solution, purified softwood lignins obtained
from experimental liquors and from mill liquors exhibited a plateau in absorbance at wavelengths

from 275-295 nm. Itis to be noted that lignins isolated from hardwood mill liquors exhibit a linear

decrease in absorbance with respect to wave length over the range of 275-295 nm, at a constant

concentration, and absorbance at a constant wave length within this range is linear with respect to
concentration up to about 0.08 gm per liter (Dong, 1993).

The application of this method to determine lignin concentration in black liquor was
checked with more than four liquors containing lignins of differing molecular weights by
comparing material balance results. A black liquor was adjusted to a pH of 13 and the lignin
concentration determined by UV-visible absorbance. The lignin was then purified, and the lignin
content of each solution discarded during purification determined. The purified lignin mass was

determined, corrected for impurities. The sum of the purified lignin mass and the mass of lignin
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Jost in each solution discarded was compared to the lignin content determined for the black liquor.
The largest difference was 4.2% and most differences were about 1%, based on lignin content as
per cent of black liquor solids. The sum for material balance was always smaller than the lignin
content determined directly by UV-visible analysis of the liquor.

The lignin content of the black liquors made by circulation digestion are given in Table
3.1.1. Lignin contents, as wt% of black liquor solids, ranged from 35.86 to 44.35% for these
liquors. These data were subjected surface response analysis using RESREG techniques and
using Mallow's statistic to select the simplest, statistically significant model.

The canonical form for a linear quadratic model with interactions was used. This is

X k k
Y=a + zaiXi +2‘aﬁXi2 + ZaﬁXiXj (3.1.1)

i=1 i=1 i<j
where:

Y = response (lignin content, % of solids)
Xj = independent variables

ao, j, ajj, 3jj = regression coefficients (parameters)

The values of the parameter for a full model that results in a regression coefficient of about 0.86 are
given in Table 3.1.2. The simplest statistically significant model with a regression coefficient of
about 0.85 involves eleven parameters. Values for the parameters are given in Table 3.1.3. This
is our recommended equation and the one used to fit properties data with the variables and
regression parameters defined as in Table 3.1.3. This equation (or the 15 parameter model

described earlier) is very useful in visualizing the effects of pulping variables on lignin content by

construction of response surfaces for any two pulping variables at constant levels for the other two

variables.



52

TABLE 3.1.1

Lignin Concentration in Black Liquors from the Circulation Digester Experiments

Digester Experiment | Lignin Concentration,
Number wt% solids
1 36.55
2 44.35
3 39.70
4 40.90
5 41.57
6 40.06
7 39.13
8 38.98
9 41.37
10 42.95
11 39.74
12 40.25
13 39.02
14 43.27
15 40.58
16 41.27
17 42.61
18 36.48
19 41.27
20 32.15
21 43.52
22 43.72
23 42.67
24 35.86
25 42.14
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TABLE 3.1.2

Parameters for Predictive Model for Lignin Content in Black Liquor

Variable Regression Parameter
Intercept -8.78E+2
EA 6.54E+0
S 5.78E+0
T 4.15E+0
t 1.82E+0
EA*EA -1.70E-1
S*S -9.83E-3
T*T -4.79E-3
t*t -1.17E-3
EA*S -1.49E-3
EA*T -3.97E-3
EA*t -8.25E-3
S*T -1.47E-2
S*t - -3.21E-3
T*t -4.11E-3

R-squared 0.856

EA = effective alkali, %

S = sulfidity, %

T = cooking temperature, °F

t = time at temperature, minutes
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TABLE 3.1.3

Parameters for Recommended Predictive Model for Lignin Content

in Black Liquors

Variable Regression Parameter
Intercept -2.497E+2
S -7.858E+0
t 7.066E+0
T 8.210E-1
EA*S 8.889E-1
EA*t -3.862E-1
S*T 2.340E-2
T*t -2.019E-2
EA*S*T -2.586E-3
EA*t*T 1.128E-3
EA*S*¢*T -7.000E-7
R-square 0.855
Adjusted R-square 0.812

EA = effective alkali, %

S = sulfidity, %

T = temperature, °F

t = time-at-temperature, minutes
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3.2 High Molecular Weight (Acid Precipitated) Lignin

The molecular weight of lignin undoubtedly affects some liquor properties, particularly
theological properties. Unfortunately, average molecular weights for all of the lignin in black
liquor cannot be determined. The best that can be done at present is to characterize the high
molecular weight fraction that can be isolated and purified by acid precipitation, washing, and
extraction. Fortunately, it appears that the average molecular weight of the acid soluble fraction is
quite low, and this fraction can essentially be considered to be a "plasticizer" with respect to
rheological behavior.

High molecular weight fractions were isolated and purified by precipitation, washing, and
extraction procedures described earlier (Dong, 1993) and in our earlier DOE report (Fricke et al.,
1997). The fraction of total lignin recovered as purified high molecular weight lignin from black
liquors made in the circulation pulping experiment are reported in Table 3.2.1. The purified lignins
were each analyzed for impurities using procedures developed for black liquors. Impurities varied
from 3.5 to 5.1 wt% of the purified lignins. Values given in Table 3.2.1 have been corrected for
impurity levels. The high molecular weight lignin contained in these liquors varies from about
23.1 to 29.9% of total liquor solids. This is significantly less than the total lignin content, but a

substantial quantity of high molecular weight material that can dominate at high solids

concentrations.
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TABLE 3.2.1

High Molecular Weight Lignin in Black Liquors from the

Circulation Digester Experiments

Digester Experiment High Mol. Wt. Fraction High Mol. Weight
Number of Total Lignin Lignin, % Solids
1 0.614 22.44
2 0.606 26.88
3 0.636 25.25
4 0.667 27.28
5 0.614 25.52
6 0.632 25.32
7 0.656 26.18
8 0.599 23.95
9 0.636 26.31
10 0.610 26.20
11 0.633 25.16
12 0.639 25.72
13 0.635 24.78
14 0.691 29.90
15 0.653 26.50
16 0.613 25.30
17 0.630 26.84
18 0.632 23.06
19 0.604 24.93
20 0.656 21.09
21 0.611 26.59
22 0.682 29.82
23 0.683 28.52
24 0.666 23.88
25 0.664 27.98
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4.0 CHARACTERIZATION OF HIGH MOLECULAR WEIGHT (ACID

PRECIPITATED) LIGNIN

Since the high molecular weight lignin contained in black liquor can affect liquor
properties, particularly rheological properties at high solids concentrations, it was important to
characterize the molecular weight of this fraction of black liquor solids as carefully as possible.
Methods developed earlier (Kim, 1985, Kim, 1984, Fricke, 1985, Fricke, 1987) for measurement
of number average molecular weight (Mp) by Vapor Pressure Osmometry (VPO) and weight
average molecular weight (My) by low angle laser light scattering spectrophotometry (LALLS),
which are measurement methods that are based on first principles, were thoroughly reviewed and
reevaluated. In addition, techniques and methods for measurement of molecular weight
distribution (MWD) by high temperature liquid chromatography (HTHPLC) were tested,
evaluated, and further developed. This is a secondary analytical method, where accurate results
require accurate calibration data. Various calibrations were tested and results for My and My

calculated from the MWD curve from HTHPLC were compared to those obtained from LALLS
and VPO.

4.1 Weight Average Molecular Weight (My) Determination

The basic experimental method used in this work was developed by Kim (Kim, 1984,
Kim, 1985, Fricke, 1983), but some questions remained. Since My, of lignin can be expected to
be a significant factor affecting rheological properties of liquors at high solids concentrations,
methods developed by Kim were reevaluated. Firstly, precipitation and purification procedures for
separating high molecular weight lignin from black liquor were improved and precision of
measurement of impurities in the lignin improved. The revised methods for purification and
impurity analysis have been described in detail in an earlier interim report to DOE describing
experimental methods (Fricke gt al., 1997).

Lignin is an optically active, heterogeneous, and ionically sensitive polymer whose My, is

very difficult to determine; the large variations in My, for lignins that have been reported from
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various studies attest to the difficulties and uncertainties. It was important to quantitatively assess
the optical effects of lignin in various solvents and to determine the My, of single lignins in a

number of solvents as a critical test of the method. This was done very systematically and

successfully (Dong, 1993). Transmittance, differential refractive index, fluorescence, and
anisotropy effects for lignin dissolved in three very different solvents—pyridine, dimethyl
formamide (DMF), and 0.1N sodium hydroxide were evaluated carefully. Complete description of
this work has been published (Dong, 1993) and in the publication: Dong, D.J. and A.L. Fricke,
"Investigation of Optical Effect of Lignin Solution and Determination of My of Kraft Lignin," J.
Appl. Polymer Sci., 50, 1131-1140 (1993), which is included as part of this report. WQ« F A é Wﬂ;l{; Vga/,

It is important to note that My, values reported from various investigations conducteg in the
past on basically similar kraft lignins vary by a factor of more than 20, which is clearly
unacceptable. The work reported here demonstrates that My, determined for the same lignin using
three very diverse solvents varied by 10% or less. This is a yast improvement and gives credence
to our claim of having developed an accurate method for determining My, of lignin. When one
considers that six experimental measurements at a number of concentrations using three
instruments are required for a single My, determination, and that we are comparing three such
measurements, a 10% difference is excellent agreement.

Determination of My, by LALLS is extremely tedious and time consuming. Lignin
separation, purification, and analysis requires an elapsed time of nearly three weeks and more than
one man-week of effort. My, measurement, including required auxiliary measurements to correct
for optical effects requires nearly two man-weeks of effort. Therefore, determination of My, is
costly in time and labor. Other methods that are more efficient are needed. Our efforts to develop

these are described later in this report.
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4.2 Number Average Molecular Weight (M;,) Determination

Number average molecular weight of lignins has been determined by VPO by a number of
investigators. Kim (Kim, 1985, Fricke, 1983) improved the method and developed a method for
correcting for impurities contained in lignin. Dong (1993) used a newer model Wescan (model

233) VPO and thoroughly reviewed the procedures. He improved techniques to increase

sensitivity and improved instrument calibration. Several solvents were used and Theta
temperatures for lignin in these solvents determined. For measurements with lignins from our
work, DMF was used as the solvent and measurements were made at 80°C, which is slightly above
the Theta temperature for lignin in DMF.

Complete description of the procedure have been given in an earlier report (Fricke gt al.,
1997) and in a Ph.D. thesis (Dong, 1993). The Mj, of all of the lignins produced in the designed
pulping experiment were determined and results are presented in a later section of this report.

Measurement of My by VPO is also tedious and time consuming; VPO measurement alone
requires more than a man-week of effort. Also, in spite of all precautions, My determinations of
lignin are subject to uncertainty due to the impossibility of removing all low molecular weight
impurities from lignin. This uncertainty is minimized by applying the corrections developed by
Kim (1985) and used by Dong (1993). However, even with this correction, the value determined

for My, for a lignin may be uncertain by as much as an estimated 7%.

4.3 Molecular Weight Distribution (MWD) Determination

The ratio (My/Mp), called the "polydispersity index" (PI) is one measure of the molecular
weight distribution (MWD), but it is only a measure of dispersion. It gives no information on
skewness nor multi-modality of the distribution. In addition, as we have pointed out in previous
sections, measurement of My and My, is tedious and very time consuming. Therefore, other
methods are needed. Equilibrium sedimentation can be used, but this method is also tedious,
expensive, and time consuming and requires calibration. Another secondary method, size

exclusion chromatography, is an attractive alternative. There are numerous reports of application
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of this method, called HPLC, in the literature, but results are not in agreement and calibration is in
error in nearly every case.

As part of this program, we have attempted to develop a HPLC method for lignin where the
analysis is run at high temperature. This is called high temperature high performance liquid
chromatography (HTHPLC) for size exclusion. If successfully developed, this procedure could be
used to replace LALLS and VPO measurements while giving a complete MWD in addition.
Furthermore, the measurement could be completed in hours rather than the weeks of effort required
for LALLS, VPO, and equilibrium sedimentation.

A Water 150c HTHPC with refractive index (RI) and UV-visible detectors was obtained
for this work and combinations of columns, carrier solvents, and detectors investigated. More
than 60 combinations of columns and carrier solvent were investigated. Full details of all trials are
given in a Ph.D. thesis (Schmidl, 1992). A report of early work that is illustrative of the procedure
of investigation has been published in: Schmidl, G.W., D.J. Dong, and A.L. Fricke, "Molecular
Weight and Molecular Weight Distribution of Kraft Lignins," Materials Research Society
Symposium Proceedings, 197, 21-30 (1990) that is included as part of this report. R v Q ‘ol :I:Q oy A )

The problems inherent in using HTHPLC to determine the MWD of lignin are amply
illustrated (Schmidl et al., 1990). Association in solution, adsorption on the column material, and
sensitivity of detection are all problems. The greatest problem, however, is lack of appropriate
standards for calibration. Values of My calculated from MWD chromatographs are not in
agreement with My, values determined by LALLS for the same lignins, nor are My values in
agreement. In general, My, values determined from chromatographs by using any of several
monodisperse calibration standards are lower than those determined by LALLS. Also, the ratio
My/Mp (P.L) determined from chromatographs is considerably lower than the ratio determined by
LALLS and VPO methods. However, the chromatographs do show the bimodality of most lignins
and do illustrate that the MWD is skewed.

HTHPLC offers so many potential advantages that an extensive development effort was

included as a part of this program. Complete details of all trials have been published (Schmidl,
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1992). The final system that was selected for complete study includes a number of elements and
operating conditions. The basic instrument used was a Waters 150c ALC/GPC integrated
HTHPLC system with DRI detector, outboard Waters 486 UV-visible tunable absorbance detector,
16 sample carousel, automatic injector, and Kontes mobile phase handling system. The
experimental unit is interfaced with a computer workstation for real-time data acquisition and
processing. The mobile phase selected was dimethyl sulfoxide (DMSO) with 0.1 M LiBr, and
measurements were made at 85°C and a mobile phase nominal flow rate of 1.1 ml/min (an actual
measured flow rate of 1.03 ml/min). The columns selected as the best for the extended work were
a set of Jordi Gel 103 + 104 A GBR columns supplied by Jordi Associates, Bellingham, MA.
These columns contain basically highly cross-linked poly-divinyl benzene (DVB), and the GBR
column gel is modified by glucose amine groups added to the DVB. This deactivates the aromatic
rings with respect to adsorption interactions and renders the gel compatible with both aqueous and
polar organic mobile phases. The 103 A column is 10 mm ID x 50 cm long and the 104 A column
is 10 mm ID x 25 cm long. The columns are stable up to 150°C and the columns are reproducible.
Polysaccharide (linear polymaltotrioses) obtained from Pressure Chemical Company, Pittsburgh,
PA were used as standards for column calibration.

The calibration curve for polysaccharides with the Jordi Columns using DMSO + 0.1 M
LiBr at 85°C as the mobile phase is:

logM, = 41.24 —3.97t, +0.1439t2 +0.001786t3 (4.3.1)

where:

M; = molecular weight, gm/mol
tr =retention time, min.
tr=V/V

V = total eluent volume, ml
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V = eluent volumetric flow rate, ml/min (1.03 ml/min)

The correlation coefficient for this calibration, based on eleven polymer standards, was 0.9967.

The equation is valid for polysaccharide molecular weights from 130 to more than 950,000.

Typical chromatograms for four of the lignins from liquors made in the circulation pulping
experiments are shown in Figure 4.3.1. The differences are very obvious and bimodality is
obvious. Lignins from other sources were also investigated. Indulin AT from Westvaco, a kraft
lignin derived from pulping sugar maple, and a lignin derived from organosolv pulping of
hardwood were purified as described earlier and chromatograms run. The chromatograms for
these are shown in Figure 4.3.2. Also, lignins from kraft pulping of birch and mixed hardwoods
were studied.

M, and My, values for a number of lignins using the system described with calibration with
polysaccharides are presented in Table 4.3.1. These include five of the circulation digester
experimental lignins as well as four other kraft lignin and an organosolv lignin. In all cases, My
determined by light scattering is greater than My, determined from the chromatogram and this
difference generally increases with increasing My, as determined by light scattering. This is
undoubtedly due to the configurational and conformational differences between lignins and the
polysaccharide standards. The ratio of the two My, values can be as great as 9.6, but appears to be
generally in the range of 3 to 9.6. As might be expected, the My, values, which are dominated by
the lower molecular weight components where the differences between the lignins and the
standards have less effect, are in closer agreement with VPO values, but are generally also lower
than M, values obtained by VPO.

The advantages and disadvantages of HTHPLC are clear. An analysis, including solution
preparation, requires less than one day and results are highly reproducible. Distinct differences in
MWD of different lignins is readily apparent, and skewness and modality of the distribution are
obvious. The method could probably be extended to yield MWD of lignin in black liquor directly
by dissolving freeze dried black liquor solids in DMSO, filtering the solution, determining lignin
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TABLE 4.3.1
Lignin Molecular Weights from HTHPLC for Lignins in DMSO +
0.1 M LiBr at 85°C

Standard: Polysaccharide

Lignin M My | MaMp | Mwg [MaggM
w
Indulin AT 1,332 5,142 3.859 | 49,380 9.60
Mixed Hardwood 997 3,357 3.36 — —
Birch 1,148 3,128 2725 | 29,710 9.50
Maple 1,196 3,229 2.70 12,900 4.00
Organosolv 954 2,907 3.047 -—- -—-

Circulation Expt. No.

1 1,387 6,411 4.621 19,630 3.06
3 1,521 8,687 5.711 | 83,000 9.55
9 1,519 7,960 5242 | 21,930 2.76
14 1,251 5,589 4,468 13,920 3.39
17 1,543 | 9,672 | 6.269 | 42,930 | 4.44

My, ; = My determined by LALLS
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concentration by UV-visible analysis, and producing the chromatogram. This has yet to be
attempted. The disadvantage is that molecular weights determined by HTHPLC are extremely
inaccurate using present calibration methods, and these inaccuracies increase with increasing
molecular weight. A solution to eliminate this disadvantage has been developed and this is

discussed in a later section.

4.4 Intrinsic Viscosity Determination

Intrinsic viscosity studies using selected lignins from the circulation pulping experiments
were conducted for several reasons. It might be possible to develop a relation between relative
viscosity and molecular weight that could be used for universal calibration for HTHPLC or it could
be used, if successful, to determine a molecular weight (the viscosity average molecular weight)
that is close to My and used as a cheap replacement for LALLS. Finally, intrinsic viscosity studies
can permit inferences to be made with respect to the conformation and solvation of the
macromolecule in solution.

This work has been published. The publication: Dong, D.J. and A.L. Fricke, “Intrinsic
Viscosity and the Molecular Weight of Kraft Lignin," Polymer, 36, 2075-2078 (1995) is included
as part of this report. /@}om‘}{vL refoled.

Kinematic viscosities of lignins of various My, dissolved in DMF, and in 0.5 N NaOH
were determined as a function of the lignin concentration at 303.2 and 318.2°K. Kinematic
viscosities were converted to absolute viscosities using density relations. Concentrations ranged
from slightly above zero to 0.1 gm/ml. Reduced viscosities were calculated as a function of
concentration. Due to very low values of reduced viscosity at low concentrations in 0.5 N NaOH,
data taken at concentrations below 0.005 gm/ml were discarded. Reduced viscosity was linear
with concentration above 0.005 gm/ml for solutions in NaOH. Reduced viscosity in DMF was
higher for each lignin, but reduced viscosity was linear over two regions of concentration. Above

0.02 gm/ml, reduced viscosity increased more rapidly with concentration than below 0.02 gm/ml.
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Based on these results, reduced viscosities for concentrations ranging from 0.02 to 0.1 gm/ml
were used to determine intrinsic viscosities.

Intrinsic viscosities were determined for five of the lignins from the experimental pulping
conditions. These lignins possessed Mys ranging from 22,000 to above 59,000. Intrinsic
viscosity vs. molecular weight should fit the Kuhn-Mark-Houwink-Sakaruda relation:

[n]=KM; 4.4.1)

where:

[n] = intrinsic viscosity, ml/gm
My, = weight average molecular weight, gm/mol

K, o = experimental constants

The fit was excellent for lignin in DMF and reasonably good in 0.5 N NaOH. However, the
values of o were very low, which indicates that the molecules assume a nearly spherical shape in
solution.

The specific viscosity was determined as a function of the volume fraction of lignin in
solution. The initial slopes for 0.5 N NaOH and DMF were 13.33 and 8.22, respectively. The
slope for a spherical, non-solvated, constant density particle is 2.5. Therefore, the diameter of
spherical particles of lignin is increased only about 50% in 0.5 N NaOH and 75% in DMF which
results in volume expansions of 2.3 and 4.3, respectively.

This explains why HTHPLC results, based on standards that are highly solvated, are
grossly in error. Also, due to these effects, intrinsic viscosity offers little promise for use as an

accurate method for determination of lignin molecular weight.
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4.5 Internal Calibration of HTHPLC Molecular Weight Distribution Results

As pointed our earlier, differences of My, determined by LALLS and by HTHPLC using
available standards that range from a factor of 3 to a factor of 10 or more are unacceptable.
However, HTHPLC is rapid, convenient, and could yield a complete MWD if a system could be
accurately calibrated. Internal calibration using the data can be done by resolution of moments.

For any distribution, moments of distribution about the origin are defined as:

B =kaf(X)dX/If(X)dx (4.5.1)

where:

Hk = kth moment about the origin
X =1independent variable

f(X) = function of the independent variable

In theory, any distribution can be resolved into moments. This has been used successfully for
chromatographic separations of simple materials, but not for polymers. We have applied this to
our HTHPLC data to determine MWD of lignins more accurately.

If we let w(tr) represent the chromatographic distribution of polymer mass with respect to
retention time (the chromatograph curve) which is proportional to retention volume (V), and let
w(M) represent the molecular weight distribution curve where M is the molecular weight of the

polymer at tg (or V), it can be shown that:

w(V)dV =-kwM)dM (4.5.2)
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which can be rewritten as:

__w(V)v

where k is a proportionality constant.
Mj is the first moment of the molecular weight distribution about the origin. It can be

written in normalized form as:

M, =y, = TMW(M)dM/];w(M)dM (4.5.3)

or as:

M =p, = Iw(M)dM/I% (4.5.4)
substituting for the unknown values of w(M) and M:
M, =Iw(V)dV/IW§2?)V (4.5.5)
This can be rewritten as:
BIW&%V —Iw(V)dV=O 4.5.6)

In a similar manner, My, can be written as:
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[MVyw(v)av
M, =°2— 4.5.7)
j w(V)dv
This can be rewritten as:
IM(V)W(V)dV-—Mw]:w(V)dV=O (4.5.8)

For any lignin studied, My, My, and w(V) are known. Equations 4.5.6 and 4.5.8 are two
working equations for determining M(V) from the chromatograph. If we assume that the relation

for M(V) or M(tR) is:

k
M =Y a,V* 4.5.9)

i=0

Given sufficient sets of chromatograms and values of My and My, it is possible to determine the
constants, aj, for equation (4.5.9), assuming that the polymers are similar in chemistry and
conformation. This is exactly our situation.

Success of this method depends upon having accurate chromatograms with very precisely
defined retention time (elution volume), precisely defined base line corrected for any drift, and an
accurate total retention time for the chromatogram. Analysis of the end points by first and second
derivative methods permitted these to be defined precisely.

Subsets of the chromatograms for which My and My, values were known were used to
determine the coefficients of a common polynomial for equation (4.5.9) from third to eighth order.
We also tested the use of Chebyshev polynomials, to fit equation (4.5.9), but this was not

successful.
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The best result was obtained with a fourth order polynomial:

fn(M) =a, +a,(V/40)+a,(V/40) +a,(V/40)’ +a,(V/40)* (4.5.10)
The values for the constants are:
ag = 19.340
a1 =-4.9990
ap =-15.262
a3 =-12.774
a4 = +18.605

The resulting calibration curve is drastically different from that for the polysaccharide standards
that was used earlier.

Before presenting results, it is well to describe molecular weight averages and their relation
to moments. As pointed our earlier, My, is the true mean and the first moment about the origin. It
can be calculated from the chromatogram using equation (4.5.5) now that M(V) (the calibration

curve) is known. My, is given by:
M, = [M(V)w(V)dV/ Jw(vyav

Tw(V)dv

J'M(V)w(V)dV/ j

w(V)dV

J' (V)dV/j

]

=W, /1L, (4.5.10)
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That is, My is the ratio of the second to the first moment about the origin. Similarly, M (z-

average molecular weight) is given by:

M, = ]:[M(V)]zw(V)dV/]:M(V)w(V)dV

I[M(V)]ZW(V)dV/]:w(V)dV

IM(V)W(V)dV/ }w(V)dV

=pi /M, (4.5.11)

That is, M, is the ratio of the third to the second moment about the origin. Also, Mz;1 (the z+1

average molecular weight is given by:

M,, = T[M(V)]Sw(V)dV/]:[M(V)]ZW(V)dV

=, /1, (4.5.12)

That is, M4 is the ratio of the fourth to the third moment about the origin. This can be continued

to higher moments, but more than four are seldom used in polymer analysis.
Note that these are moments about the origin, but the best description of a distribution is by

moments about the mean. The first moment about the origin is the mean of a number distribution.

Therefore, the first moment about the mean, 61, for a number distribution is zero by definition.

Higher moments about the mean can be calculated by translation of the values of Mj (use M; - Mp)
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or by known relations between the moments about the origin and moments about the mean. These

are:

c,=0

c,=M,(M, —-M,)

o, =MM M_-3M M, +2M’ (4.5.13)
etc.

Returning to the lignin chromatograms, we calculated My, and My, from each chromatogram
and compared these values to values of My and My, obtained by VPO and LALLS for each lignin.
The residuals, the difference between values from the chromatogram and values from first
principles, were randomly distributed with respect to My. The largest residual for My, was 30%,
but most were 2 to 20% in absolute magnitude. Residuals for My, as expected, were not as good.
While random, most ranged from 2 to 30% in absolute magnitude with two outliers in the range of
70-80%.

Comparison with results reported in Table 4.3.1 shows a dramatic improvement in
agreement. The difference in My, by chromatography and My, by LALLS ranged conservatively
from 67 to 95%. Using the new values of My, calculated from the chromatograms, we can
. reevaluate the ratio of MWLS/MW' The ratios for the old values (polysaccharide standard) and for
then new values (derived calibration) are given in Table 4.5.1 for comparison.

Values for My, My, Mz and Mz, calculated from the chromatograms for the lignins from
the circulation digester pulping liquors are given in Table 4.5.2.

A typical chromatogram is shown in Figure 4.5.1, which is the chromatogram for lignin

from the liquor for circulation digester experimental condition no. 13. The molecular weight
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TABLE 4.5.1
Comparison of Ratio of Molecular Weights by HTHPLC (MW1’ sz)

to Molecular Weights by LALLS for (MWLS) for Kraft Circulation

Digester Lignins

Circulation Digester
Expt. No. MW1/ MWLs MWZ/MWLS
1 3.06 1.13
3 9.55 1.07
9 2.76 1.30
14 | 3.39 0.972
17 4.44 0.813

MW1 = My, calculated from chromatograph using polysaccharide standards
Mw2 =My, calculated from chromatograph using the derived calibration
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TABLE 4.5.2

Molecular Weights for Lignins from the

Circulation Digester Experiment Calculated from HTHPLC Chromatograms

Molecular Weights, gm/mol

Digester
Explslr(i)ment Mj x 10-3 My x 10-3 M; x 10-4 M,;1 x 10-5

1 2.209 22.265 9.9665 1.8162
2 2.406 25.197 12.123 2.4420
3 2.485 30.729 14.219 2.4334
4
5 2.217 24.425 12.982 2.4490
6 2.320 26.211 13.814 2.5851
7 2.378 29.234 16.018 2.9362
8 1.844 12.038 . 6.435 1.8170
9 2.533 28.416 13.259 2.4388
10 2.864 37.892 - 16.624 2.8226
11 2.086 18.388 9.5901 2.1044
12 2.401 23.265 10.116 1.9684
13 2.138 23.429 14.964 3.2213
14 1.980 18.392 10.379 2.0530
15 2.464 29.095 15.410 3.1624
16 2.236 21.589 11.835 2.4479
17 2.476 34.902 15.807 2.5876
18 2.236 21.589 11.835 2.4479
19 2.548 27.644 13.598 2.5046
20 2.711 24.684 9.887 1.9090
21 2.346 17.903 9.1648 2.0948
22 2.067 20.368 12.174 2.6494

- 23 1.873 16.260 10.752 2.3854
24 1.998 22.805 15.380 3.0559
25 2.000 20.381 13.520 2.6611
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distribution derived from this chromatograph is shown in Figure 4.5.2. Molecular weight
distributions for the lignins for some of the other 24 circulation digester experiments are given in
Figures 4.5.2 through 4.5.3, and 4.5.4. The differences in distributions resulting from different

pulping conditions are clearly evident; much more so than from the original chromatograms.
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5.0 PULPING AND LIGNIN MOLECULAR WEIGHT

It is clear that pulping conditions have significant effects on the molecular weights and
molecular weight distributions of lignins in the black liquors produced. Due to the complexity of
black liquor solutions, the molecular weights and molecular weight distribution of al] of the lignin
in a black liquor cannot be determined by experimental methods currently available.

We can consider lignin in a black liquor to be composed of three fractions. These are the
lignin components that are soluble in an acid solution at pH = 1.0. This fraction is undoubtedly
composed of very low molecular weight fragments and constitutes from 15 to almost 30 wt% of
the lignin present in a black liquor. The second fraction is the lignin lost in purifying the higher
molecular weight fraction for molecular weight characterization of the higher molecular weight
fraction. This second fraction constitutes about 8 to 20 wt% of the lignin present in black liquor.
Although undoubtedly higher in molecular weight than the fraction that is completely acid soluble,
it is also undoubtedly lower in molecular weight than the fraction that is recovered as purified
lignin, The third fraction, the high molecular weight purified lignin, constitutes more than 60 wt%
of the lignin in black liquor.

In summary, lignin in black liquor can be considered to consist of three fractions which are:

1. Completely acid soluble - 15 to 30 wt% of lignin present - very low molecular weights
2. Partially soluble - 8 to 20 wt% of lignin present - low to moderate molecular weights

3. Purified acid insoluble lignin - > 60 wt% of lignin present - high molecular weights

We believe that the high molecular weight fraction dominates the polymeric behavior of
lignin in solution in its effects on properties. Indeed, the first two fractions, because of their close
chemical similarity to the high molecular weight fraction, probably act as "plasticizers." This is
apparent from such studies as measurement of glass transition. The glass transition of a
precipitated lignin increases from about 120-130°C to 143-165°C with increasing purification.

Obviously, the second fraction has a plasticizing effect. While measurements on black liquor
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solids include the effects of cellulosic fragments and salts as well as the effects of the first and
second lignin fractions, the depression of the glass transition is very large; glass transition for
100% solids of kraft lignins are in the range of 25-45°C. The depression of more than 100°C of
the glass transition indicates a high plasticizing effect that is similar to the depression for such

polymers as PVC with 30-40 volume% of a good solvent for PVC.

Since the high molecular weight fraction is more than 60 wt% of the total lignin present in
black liquor solids and since lignin constitutes 35-44 wt% of black liquor solids, the molecular
weights of the high molecular weight fraction should affect a number of black liquor properties,
particularly rheological properties. Therefore, we developed correlations relating Mp, My, and
polydispersity index, P.I. = My/Mp to pulping conditions. This is fully described in the
publication: Dong, D.J. and A.L. Fricke, "Effects of Multiple Pulping Variables on the Molecular
Weight and Molecular Weight Distribution of Kraft Lignin," Journal of Wood Chemistry and
Technology, 15 (3), 369-393 (1995) that is included as part of this report. "€ P {*| int reydl e </

As with other responses, we applied response surface analysis techniques to determine the
effects of pulping conditions on Mp, My, and P.I. = My/Mj, determined by VPO and LALLS for
purified lignins from each of the circulation digester experiments. The general equation used was a

quadratic model with interactions:

Y=a°+iaiXi+ia. +2au X; (5.0.1)

i=l i=1 i<j

where:

Y = response (Mp, My, or P.I.)
X; = independent pulping variable

a0, 8, ajj, ajj = correlation constants
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The functions proved to be quite complex; all fifteen parameters (correlation coefficients)
are statistically significant. Values for the coefficients for each response are given in the
publication and in Table 5.0.1. The correlation coefficient for M, is 0.912, but the correlation
coefficients for My, and P.I. are 0.71 and 0.75, respectively. These are lower than we should like,
but can only be reduced by introduction of three factor interactions. We did not view this as
justified.

Contour plots can be constructed with these equations to study the effects of pulping
variables two-at-a-time. Examples of these are given in the publication. These are quite

informative in examining the complex effects of pulping conditions on the molecular weight and

polydispersity index of the high molecular weight fraction of lignin in black liquor.



137

TABLE 5.0.1
Constants for Equations for My, My, and P.I. = My/Mj, of High Molecular
Weight Lignin in Black Liquors from Circulation Digester Pulping Experiments

(Equation 5.0.1)

= My Mp P.I = Mw/Mj
Variable Parameters

INTERCEPT -1.95E+06 3.01E+05 -2.14E+03
EA 4.09E+04 4.01E+03 -1.82E+01
S -9.90E+03 7.55E+02 -1.27E+01
T 9.71E+03 -2.00E+03 1.42E+01
t 2.77E+03 3.04E+01 2.27E-02
EA*EA -2.44E+03 -6.89E+01 -7.34E-01
S*S -8.21E+01 -3.71E+00 -6.77E-03
T*T -1.41E+01 3.09E+00 -2.27E-02
t¥t -6.04E+00 -1.06E-01 -2.74E-03
EA*S 7.10E+02 -1.18E+01 4.70E-01
EA*T 2.68E+01 -4.91E+00 7.28E-02
EA*t 6.27E+01 5.81E-01 4.78E-02
S*T 1.30E+01 -9.63E-01 1.76E-02
S*t 1.74E+00 -9.65E-01 1.00E-02
T*t -8.34E+00 1.03E-02 -1.76E-03

EA = Effective Alkali, %

S = Sulfidity, %

T = Temperature, °F
t = time at temperature, min.
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6.0 SIGNIFICANT OBSERVATIONS OF LIQUOR THERMAL BEHAVIOR

The behavior of liquors at different concentrations of total solids with respect to freezing,
drying, glass transition, and other transitions has led to some significant observations that have
proven to be extremely useful in directing our analyses of results of our studies. These are
sufficiently important to deserve description and comment.

Irreversible association of components of black liquor solids occurs when concentrating
black liquors above about 85% solids, whether this is done by evaporation at moderate pressures
(above 0.2 atm) or by drying at moderate pressures. Completely dry black liquor solids that have
been obtained by drying at temperatures above 90°C can seldom be dissolved completely, even in
0.1 N NaOH solutions. Furthermore, these materials usually exhibit different physical properties
than the original black liquor at the same concentration after dissolution and dilution. Black liquor
solids dry very slowly at high solids. Long exposure to high temperatures for long periods of time
leads to chemical changes that make it difficult to even reach a constant weight when drying a large
quantity (more than several grams) of the liquor solids. Reversibility problems have also been
observed when concentrating liquors above about 75% solids by evaporation. Liquors
concentrated to above about 75% solids exhibit different properties than the original liquor when
diluted after concentration by evaporation.

The problems presented by changes due to concentration to high solids levels by
evaporation or drying led to several important procedural changes. The experimental liquors were
concentrated and soap skimmed in two evaporation steps involving very short exposure times at
evaporation temperatures to a concentration of 42-47% and then the liquors were stored in sealed
containers at 4°C. This minimized liquor volume while insuring no changes in the nature of the
black liquor solids. Liquor samples for properties studies at higher solids concentrations were
prepared by one step evaporation to the concentration desired while maintaining the evaporation
temperature at a low level (usually below 92°C). Measurements were then made on the liquor at

the final concentration. Samples for study at concentrations above about 80-84% solids were
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prepared by freeze drying, as is described later. These procedures for concentrating samples
yielded consistent and reproducible properties measurements.

It is highly desirable to determine liquor properties at solids concentrations from 75 to
100% solids. Also, it is imperative that purified lignins be prepared that are completely dried with
no association of the lignin. This is not an uncommon problem; it plagues researchers in the
biochemical and pigment industries. There are two potential solutions. The first is a total solvent
exchange. This is routinely done with pigments where water is completely displaced by oil or
varnish without change in the particle size characteristics of the pigment. The second is freeze
drying in which an aqueous or non-polar solution is transformed to the solid state by freezing and
the solvent then removed by sublimation at very low pressures. While slow, this procedure
usually results in materials that are completely dry, but that have undergone no chemical or
association changes during the process.

Freeze drying was adapted successfully for our work, and it was used for preparing all
samples at concentrations above about 83%, except for extremely small samples. For extremely
small samples (< 25 mg) that were used for some thermal studies, such as DSC to determine heat
capacity, a sample at a concentration of about 45% solids was placed in the experimental container
to be used, the container was placed in a vacuum oven, and drying to the desired final
concentration was conducted at temperatures below 50°C. Normally, samples for study at very
high solids concentrations and purified lignin samples were freeze dried.

The procedure for freeze drying is important. Black liquor at 22-30% solids was frozen
and the temperature lowered to below -20°C. The frozen liquor was ground to a coarse powder in
a dry box at this low temperature (or below) by adding a small amount of liquid nitrogen while
grinding. The frozen, ground sample was then placed in a freeze drier and dried to the final solids
concentration by sublimation of the solvent at a pressure of about 3 microns. The dried sample
was then ground to a powder in a dry box and placed in a sealed container until used. All 100%

black liquor solids were prepared in this manner.
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In preparing purified lignin, two freeze drying steps were involved. After the second acid
precipitation and washing, the lignin slurry was frozen, ground at low temperature, and then freeze
dried to constant weight and ground to a fine powder. This powder was solvent extracted, filtered,
washed with solvent, and the slurry frozen and ground. The frozen, ground slurry was then freeze
dried to constant weight and transferred to a sealed container until used.

During the original work on liquor properties, it was discovered that liquors would not
freeze at concentrations above about 43-46 wt% solids; at high concentrations, a liquor undergoes
a glass transition rather than freezing (Massee, 1983, Massee ¢t al., 1986, Fricke, 1985). Further
investigation with polar and non-polar amorphous polymers demonstrated that this was not unique
with black liquors, but was expected behavior for amorphous polymer-solvent solutions. This is
clearly illustrated in Figures 6.0.1 and 6.0.2. From these illustrations, one can see that there is a
sharp transition from freezing to glass transition behavior.

The transition is interpreted as being the result of a transition in solution behavior from
black liquor solids acting as solute in water as the solvent to water acting as solute in black liquor
solids acting as solvent. In the former state (water as solvent), the solution can be treated as a

dilute polymer solution or as a non-ideal fluid with regard to correlations. In the latter state (black

liquor solids as solvent), the solution must be treated as a concentrated polymer solution or as a
plasticized polymer (rubber state). This approach has been successful.

One should expect the concentration at which the solution transition occurs to increase with
increasing temperature. Since the transition is a change in short range order, the concentration at
which this occurs at a higher temperature should be apparent from measurement of a
thermodynamic property from which a second order thermodynamic property can be determined.
This was done with density studies. Density was measured as a function of solids concentration
from zero to 100% solids and at a constant temperature of 25°C. Density (the reciprocal of specific
volume) is a first order thermodynamic property. The derivative of density with respect to an

independent thermodynamic quantity, such as concentration, is a second order thermodynamic
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quantity. Thus:
(P)y.p.c = first order property (6.0.1)
9p
—— | = second order property (6.0.2)
dC)rp
where:
p = density
T = temperature
P = pressure

C =concentration

If there is a change in order that is isenthalpic, the first order property will be continuous, but the
second order property will be discontinuous.

Figure 6.0.3 shows the density of one of the circulation digester experimental black liquors
as a function of concentration at a constant temperature of 25°C. Density is a continuous function
of concentration, but the derivative of density with respect to concentration exhibits two
discontinuities. The first can be interpreted as due to the phase inversion discussed previously.
The second is interpreted as being due to a change to a plasticized glass state. In this state, the
liquor will be viscoelastic and probably cannot sustain infinite strain. That is, it probably cannot
exhibit completely fluid behavior.

As the temperature is increased, one can expect the concentrations at which these transitions
occur to increase. At this time, the transition concentrations vs. temperature are not defined.

The behavior appears to be general for kraft black liquors. The effect on properties is
noticeable. The maximum in excess heat capacity occurs in the region of the second transition.

Boiling behavior exhibits a change in the region between transitions as does viscosity behavior.
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Viscoelasticity becomes increasingly significant with concentration as the second transition is
approached.

Overall, these observations have been extremely helpful in directing experimental work,
selecting methods for data reduction and data treatment, and in guiding efforts for correlation of

results.
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7.0 HEAT OF COMBUSTION
Heat of combustion of black liquor is an important quantity affecting performance of
recovery systems. Heat of combustion was correlated with pulping conditions and liquor

composition for liquors produced in the circulation digester pulping experiments. The results are

presented in this section.

Heats of combustion were determined by bomb calorimetry with standard states that equate
heat of combustion to the so-called higher heating value (HHV) for many liquors. For a number of
liquors, the heat of combustion was determined as a function of solids from 55-69% (the lower
limit for ensuring complete combustion) to 100% solids. In every case, the heat of combustion
decreased linearly with decrease in solids concentration with only minor variations in the rate of
decrease. Therefore, the heat of combustion determined at 100% solids can be used to predict the
heat of combustion at other solids concentrations with only slight error. Heats of combustion at
100% solids were determined by multiple measurements on black liquor solids for each of the 25
separate pulping conditions used in the circulation digester designed experiment. Results have
been published in the publication: Zaman, A.A. and A.L. Fricke, "Effects of Pulping Conditions
and Black Liquor Composition on the Heat of Combustion of Slash Pine Black Liquor," AIChE
Symposium Series, Advances in Pulp and Papermaking, 91,(307), 154-159 (1995), which is
included as part of this report. This is the first report of a systematic study of the variation in
heating value with variation in pulping conditions for even a limited number of pulping variables.

Response surface methodology was used for fitting quadratic models with interactions as
has been done with other responses. Different statistical evaluation methods, as explained in the
publication, were used to select the simplest, statistically significant model that exhibited no bias.

This was determined to be a 12 parameter model that is: \(. o f C : w 71/

remove

AH_=11,4814968.84 *S —4469.96 * EA

— 2224.13%t-2.56*S*T +173.92EA *t
+ 8.53*EA*T+0.0316*S*EA*T

4,
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- 0.00083*S*T*t—-0.399*EA*t*T
+ 16.51*EA*EA +5.14* T*t (7.0.1)

where:

AH; = heat of combustion of black liquor solids (Btu/Ib)
EA =Effective Alkali, %

S = Sulfidity, %

t = time at temperature, min

T = Temperature, °K

This relation can be used to construct response surfaces so that the effects of pulping variables on
heat of combustion can be examined two-at-a-time, as before. Examples of this are presented in
the publication.

The results, of course, apply only to the skimmed liquors made from slash pine.
However, corrections for soap concentrations greater than the equilibrium soap concentration at
28-30% solids (0.26-0.29 wt% of solids) or for differences in "dead load" (carbonates, sulfates,
and chlorides), can be made, assuming the effects are additive. Examples are given in the
publication.

It was expected that the correlation of heat of combustion with liquor solids composition
would be simpler, and that the most significant compositional variables affecting the heat of
combustion would be lignin concentration, other organics concentration, sodium concentration,
and other inorganic concentrations. Surprisingly, this also resulted in a 12 parameter model and
the correlation was not as good as that for correlation with pulping conditions. The correlation

equation is given in the publication included as part of this report.
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From a comprehensive study of response surfaces, we were led to exploring a number of
non-linear models that could lead to simpler correlations. The results are an excellent example of
the application of response surface analysis.

One relation developed that is extremely simple is a relation between heat of combustion

and pulp yield, which is:

AH, =0.36Y>* exp[-0.066Y] (7.0.2)

where:

AH, = heat of combustion of solids, Btu/lb

Y = pulp yield, % oven dry wood

This applies strictly only to the experimental liquors and would be difficult to adjust for variations
in dead load or soap concentration. However, the form of the relation could be used in correlating
mill data where soap concentrations, dead load, and sulfur oxidation are fairly constant.
Non-linear relations between heat of combustion and pulping variables or solids
composition involving only 5 parameters each (as opposed to 12) were developed with correlation

coefficients greater than 0.99 for each. These are the recommended correlations. These are:

AHc = O. 49E A-0.13 S 0.075: T1.57t—0.011 (7 . 0.3)

and

AH, =11947.5L°°T*%Q%*#50%®¢ (7.0.4)

where:
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AH; = heat of combustion of solids, Btu/Ib
EA = Effective alkali, %

S = Sulfidity, %

T = Temperature, °K

t = Time at temperature, min.

L = lignin concentration, gm/gm

O = Other organics, gm/gm

SO = sodium, gm/gm

I = other inorganics, gm/gm

These relations indicate that cooking temperature has the greatest effect on heat of combustion and

that lignin is the largest contributor to the heat of combustion.
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8.0 DENSITY

Density and thermal expansion studies were included in this program for several reasons.
Firstly, volumetric flow rates are normally measured in plant operations, but mass flow rates are
necessary for material and energy balances. Secondly, density appears in many engineering
relations used for design that are based on similitude, and lack of precise knowledge of density
introduces uncertainty. Thirdly, specific volume (the reciprocal of density) is a basic
thermodynamic property, and behavior of this property can aid in understanding a material.

Density of black liquors at solids concentrations below 55% has been determined in a
number of reported studies, but no measurements at higher solids concentrations had been reported
prior to this study. In our previous work (Wight, 1985, Fricke, 1985), we had provided the most
detailed study and had included thermal expansion studies of liquors at solids concentrations up to
50%. All studies showed that density is a linear function of solids concentration at constant

temperature. The density at 25°C can be expressed as:

p,s =0.99707 +aX (8.0.1)

where:

p,s =density at 25°C, gm/ml
X = solids concentration, %

a = constant

The constant, a, varies with liquor solids composition. Wight (1985) demonstrated that, for a

limited number of softwood kraft liquors, the organic/inorganic ratio had a dominating effect on a.
From our thermal studies, it was clear that black liquor at low concentrations behaved as a

dilute polymer solution, which suggested that the principle of corresponding states could be

applied. We arbitrarily chose 25°C and the same solids concentration as the reference state. The
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ratio of density at any solids concentration to the reference density, the reduced density, should be
constant if the thermodynamic state is the same. This was done successfully for a number of

liquors and:

pg =1.0—A(T-25)-B(T-25) (8.0.2)
where:

pr = reduced viscosity = p/pg
T = Temperature, °C

A, B =constants

reduced all thermal expansion curves to a single curve for any one liquor. This was applied
successfully to a number of different types of black liquor (Wight, 1985, Fricke, 1985). Our work
was reported by Adams and Frederick (9). Adams and Frederick (9), in reporting our results,
overlooked the lack of complete correlation with organic/inorganic ratio and ignored the caveat
concerning extrapolation due to uncertainty of the thermodynamic state and recommended
extrapolation. On fundamental grounds, this had to be in error.

In the present work, we used gas comparison pycnometry to measure densities of black
liquors at solids concentrations from 55 to 100%, and we used dilatometry for thermal expansion
measurements. The instruments and procedures have been reported in detail in an earlier report
(Fricke, 1997). The description of development and interpretation have been published in:
Zaman, A., M.O. Wight, and A.L. Fricke, "Density and Thermal Expansion of Black Liquors,"
TAPPI Journal, 77(8), 175-181 (1994), which is included as part of this report. Results clearly
indicate that two second order thermodynamic transitions occur at 25°C. At concentrations higher
than that at which the second occurs, the change in density with concentration is what would be
expected for a plasticized glassy polymer. Other conclusions are given in detail in the publication.

e print
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Subsequently, measurements of density and thermal expansion were made for many
liquors over the entire solids concentration range for temperatures up to 100°C or higher, when
possible. All liquors exhibited similar behavior, including liquors derived from sulfite, carbonate,
and semi-chemical pulping. However, the solids concentrations at which the second order
transitions occurred varied with species, pulping conditions, and pulping process. Generally, the
first second order transition occurred at solids concentrations between 60 and 70% for kraft
liquors, but it occurred at 28-33% for semi-chemical liquors.

Density and thermal expansion measurements were made for all of the liquors from the
circulation digester pulping experiment for slash pine. These data were then treated extensively to
develop quantitative correlations for density, and results have been published in: Zaman, A.A.,
J.S. Deery, T.W. McNally, and A.L. Fricke, "Effect of Pulping Variables on Density of Slash
Pine Kraft Black Liquors: Predictive Models," TAPPI Journal, 80(9), 199-207, (1997), which is
included as part of this report. A detailed description is given in the publication. ¥~ € {Ofi\el, ' Zé‘)

Since density is a piece-wise continuous function with respect to concentration at constant
temperature, three linear segments involving a minimum of four constants for each liquor at
constant temperature (assuming that the density at 100% solids is an additive property as shown
earlier (Wight et al., 1994) would have to be correlated. In addition, because it has been shown
that the thermal expansion is different in each thermodynamic state, six additional constants for a
total minimum of ten would have to be correlated to completely quantify the effect of pulping
conditions or composition on density. This proved to be essentially impossible and was viewed as
not worth the effort. Instead, we concentrated upon correlating density with pulping conditions
and composition for the lower thermodynamic state. This is tractable and of the greatest interest.

Correlation of density for the lower thermodynamic state should be accurate up to about
70% solids concentration at liquor firing temperatures, and it will give conservative predictions of
density from the first transition to concentrations somewhat above that for the second transition.

Since firing by present technology is not possible at concentrations above that of the second

ved,
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transition (the liquor is a plasticized rubbery glass), the correlations developed should be adequate
for engineering purposes.

The constants a, A, and B in equations 9.0.1 and 9.0.2 were determined for each liquor
derived from the circulation digester pulping experiment. As before, response surface

methodology was used to determine the simplest, statistically significant, linear regression model

with interaction terms as:

4 4 4

Y =B, + 28X + Y BXX;+ Y BX;
i=1 i=1 i=1
4 4
+ 2 B XXX+ Y BpXXX.X, (8.0.3)
i<j<k i<j<k<l

where:

Y = aresponse constant = a, A, and B
Bos Bis Bii» Bij» Bijk» Bijk1 = regression parameters

Xj = pulping variable

Responses of a, A, and B are highly non-linear. The complete model (20 parameters with 5
degrees of freedom) gives correlation coefficients of 0.994, 0.999, and 0.997, respectively, for a,
A, and B. Parameters for the complete model are given in Table 2 of the publication. This model
can be used to explore the effect of two pulping variables at a time at constant values of the other
two pulping variables and constant temperature and solids concentration. From inspection of such
surfaces and from statistical methods, simpler (but less precise) models can be developed.

The simpler models selected and recommended for a, A, and B are:

a=4.6x10"-1.67x10™ *t+8.66x10™ *EA
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-1.8x10™ *S+8.51x107° *t*EA

+ 421x10° *t*5-7.99x107 *T*EA

+ 1.21x107° *EA*S+3.48x1077 * ¥t

— 3.52%x105 *EA*EA —2.85x107 *EA*S*¢ (8.0.4)

with correlation coefficient = 0.93

A=167x107-1.1x10° *t—2.0x107* *T—4.11x107* *§
+ 625%105%t*S+2.4x10°*T*S
+ 2.58x10° *EA*S+5.83x107 *T*T
+ 226x10° *t*T*EA*S~1.51x107 *EA*S*T
— 3.85x107 *EA*S*t—3.64 X107 *S*T*¢t (8.0.5)

with correlation coefficient =0.91

B=-1.269x10~° —-3.857x107¢ *¢
+ 8.398 X107 *S+2.41x10°*T*¢

+ 2.59x107 *t*EA -8.316 X107 *t *§
+ 3.812x107° *T*EA —4.723%x10* *T*S
— 5.15x107 *EA*S+2.846 X107 ¥t * T*EA *S
"+ 2.906x10° *EA*S*T—-1.604x10”° *EA*T*t (8.0.6)

with correlation coefficient = 0.96

where:

EA = Effective alkali, %



203

S = Sulfidity, %
T = Temperature, °C

t = Time at temperature, min.

The recommended equations for a, A, and B involve 11, 12, and 12 regression constants and 10,
11, and 11 variables or interaction terms, respectively.

The responses are very non-linear and identical variables or interactions do not appear in
each recommended equation. Inspection of response surfaces to suggest possible non-linear
models could have been pursued, but was not deemed to be worth the effort vis-a-vis other needs.
Instead, response surfaces were used to explore example responses that are detailed in the
publication.

Examples of the fit of the model to experimental data are shown in the publication. In cases
where the lignin concentration and the organic/inorganic ratio are low, the first transition occurs at
nearly 70% solids and the agreement of experimental and predicted values at up to 76% solids for
temperatures above 40°C is excellent. In cases where the lignin concentration and the
organic/inorganic ratio is high, the experimental and predicted values are markedly different at 75%

solids; the predicted values are considerably less than the experimental values.
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9.0 HEAT CAPACITY

Heat capacity is a fundamental property appearing in many engineering relations used for
design, and heat capacities must be known for accurate energy balances. Heat capacities of liquors
have been reported from other studies (Harvin and Brown, 1953, Hunter et al., 1953, Koorse gt
al., 1977) for concentrations up to 50% solids. The most extensive studies have been reported by
(Massee, 1984), (Massee et al., 1987) and (Fricke, 1985, 1987) that included measurements at
very high solids (almost 100%). Massee (1984) developed a model for excess heat capacity of
black liquor based upon treatment of black liquor as a binary of water and solids. A theoretically
sound basis for the model was developed and reported (Massee, M.A., E. Kiran, and A.L. Fricke,
1987). Results of this and extensions of work have been reported (Fricke, 1985, Fricke, 1987,
Fricke, 1990, Fricke, 1993).

As part of his Ph.D. studies, Stoy (1992) collected data on heat capacities of liquors in this

program and supervised data collection for all liquors produced in the circulation digester pulping

experiments as well as for a number of mill liquors up to and including 100% solids. Detailed
description of experimental procedures used has been reported (Fricke, 1997). In every case, the
fundamentally sound model developed by Massee with the able guidance of Professor E. Kiran
proved to be valid for correlation.

Correlation of these results required considerable time and effort, and modification of the
fundamentally sound model developed by Massee, based on observations of the overall results.
The first publication on this work: Zaman, A.A., S.A. Tavares, and A.L. Fricke, "Studies on the
Heat Capacity of Slash Pine Kraft Black Liquors: Effects of Temperature and Solids
Concentrations,” Journal of Chemical and Engineering Data, 41(2), 266-271, (1996) is included as
part of this report. The model developed by Massee correlates the data for any one liquor very
well. Moreover, correlation and analysis of results showed that heat capacity decreases almost
linearly with solids concentration up to about 45% solids at most. At higher solids, behavior is
non-ideal. This is in agreement with observations for other thermodynamic properties with respect

to change in the system. Moreover, the excess heat capacity determined from the model always
¥ .
ol ¥ pe Mo e d
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exhibited a maximum in the 70-80% solids concentration range which is in the range for the higher
second order transition defined by density measurements. One should note that this excess heat
capacity decreased markedly with increasing temperature.

Massee's model involves four constants for each liquor. We sought an alternative that,
although not as sound, involved fewer constants. Review of prior work and qualitative data

analysis led us to use the following equation to fit the data for a black liquor:

C,=(A+BT)S+CT+D- (9.0.1)

where:

Cp = Heat capacity, kJ/kg °K
T = Temperature, °K
S = Solids mass fraction, kg/kg

A, B, C, D = constants

This appears to have four adjustable constants, but there are only two. At a solids mass fraction of

zero, the equation becomes:

C,=CT+D (9.0.2)

and this, by definition, must be the heat capacity of water. Therefore, C and D are determined
independently and are fixed. Values for C and D were determined from literature values for the
heat capacity of water (Waest and Astle, 1979). One should note that this model (equation 9.0.1)
assumes a linear dependence of heat capacity on solids concentration at constant temperature. This

reduces precision, but greatly simplifies the correlation effort.
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Results of correlations showed that equation 9.0.1 could represent the data for all liquors
from circulation digester pulping with correlation coefficients of 0.99 or better. The results were
viewed as justification for the simplification used.

The recommended model is:

C, =(A+BT)S+CT+D 9.0.1)

with C = 6.19 x 104 kJ/kg °K-2 and D = 3.98 kJ/kg °K. Values for A and B for each of the

experimental liquors are given in Table 9.0.1.



213

Table 9.0.1
Model Parameters for the Heat Capacity
of Black Liquors for Equation (9.0.1)

_Circglatior} Digester xJ kJ
Pulping Liquor No. , (kg °K) B, (kg °K2) R2
1 -2.65 0.001 867 2 0.99
2 -2.66 0.001 898 5 0.99
3 -2.87 0.002 656 7 0.99
4 -2.63 0.001 571 3 0.99
5 -2.67 0.001 6320 0.99
6 -2.75 0.001 838 6 0.99
7 -2.59 0.001 791 1 0.99
8 -2.41 0.001 202 4 0.99
9 -2.39 0.001 366 7 0.99
10 -2.59 0.001 718 0 0.99
11 -2.71 0.002 124 4 0.99
12 -2.39 0.001 2727 0.99
13 -2.67 0.002 109 9 0.99
14 -3.26 0.003 210 4 0.99
15 -2.85 0.002 536 6 0.99
16 -2.73 0.002 190 5 0.99
17 -2.68 0.001 977 3 0.99
18 -2.48 0.001 386 8 0.99
19 -2.67 0.002 087 3 0.99
20 -2.28 0.000 938 6 0.99
21 -2.80 0.002 148 3 0.99
22 -2.72 0.001 841 8 0.99
23 -2.52 0.001 498 2 0.99
24 -2.45 0.001 310 2 0.99
25 -2.41 0.001 325 5 0.99
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10.0 HEAT OF DILUTION AND ENTHALPY-CONCENTRATION RELATIONS
Accurate enthalpies are necessary for accurate energy balances. The quantitative evaluation
of heat capacity described earlier will assist in improving the accuracy of enthalpy relations for
Slash Pine kraft black liquors (these can also be used for liquors derived from other Southern
softwoods with little error), but black liquors have been shown to be non-ideal at higher solids for
every property investigation. One should expect, therefore, that black liquors would exhibit a
significant heat of dilution (or heat of solution). Until now this has been ignored in enthalpy
calculations for black liquor. In fact, only two single point measurements of the heat of mixing for

a black liquor have been reported previously (Grace, T.M. and M.S. Funk, 1981).

10.1 Development of Experimental Method

As part of this program, research has been conducted to develop a method for accurately
measuring the heat of dilution of black liquor by using absolute microcalorimetry. Development of
the method constituted part of M.A. Stoy's Ph.D. research (Stoy, 1992). The experimental
method has been described in detail in previous reports to DOE (Fricke, 1993, Fricke, 1997) as
well as in the Ph.D. thesis (Stoy, 1992). Details of the method and description of the method for
calculating the heat of dilution at 80°C as a function of solids concentration for reference states of
liquid water at 0°C and liquor solids at an extrapolated state of infinite dilution at 80°C have been
published in Stoy, M.A. and A.L. Fricke, "Development of a Method for Measuring the Heat of
Dilution of Kraft Black Liquor and Water," TAPPI Journal, 77, 8, 169-174 (1994), which is
included as part of this report. e F & {’VI ‘/’ q/

FemoOVes:

10.2 Enthalpy Concentration

With accurate heat capacity and heat of dilution data, an enthalpy-concentration relation for
a black liquor can be developed. This has been done by Stoy (Stoy, 1992). The method of
calculation and several example enthalpy-concentration charts for kraft black liquors are given in

the publication: Stoy, M.A. and A.L. Fricke, "Enthalpy Concentration Relations for Black
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Liquor," TAPPI Journal, 77, 9, 103-110 (1994), which is included as part of this report. The
method of calculation is presented clearly and concisely in the publication. More detailed
development is given by Stoy (Stoy, 1992). e f'" A ‘? e move d .

A number of things are apparent. The effects of heat of dilution on enthalpy are not
negligible, even at moderate solids concentrations (see Figure 2 and Figure 3 of the publication in
which the enthalpy vs. concentration for zero heat of dilution is represented by a straight, dotted
line). These same Figures show that variations for the four liquors tested are minor below about
50% solids, but that variations become larger as concentration increases. The heat of dilution at
80°C and 80% solids: has an average value for the four liquors of 190 kJ/kg of solution, which is
certainly significant.

Enthalpy-concentration relations for the four liquors, calculated by standard thermodynamic
methods using the heat of dilution curves at 80°C and non-ideal heat capacity relations developed
using Massee's model for the four liquors are presented in tabular form in Tables II, I, IV and V
and in graphical form in Figures 4, 5, 6, and 7 in the publication show that none of the liquors
behaves ideally. These are the first accurate enthalpy-concentration relations to be published for
any black liquor.

The heat of dilution data used was precise and reproducible. The heat capacity data was
reasonably accurate and modeled on a sound theoretical basis. In both cases, a single liquor was
treated as a pseudo-binary consisting of black liquor solids and water. If the assumption of a
pseudo-binary is valid, there should be thermodynamic consistency between enthalpy and fugacity.

Accurate equilibrium vapor pressure data had been collected for these liquors as a function
of solids concentrations. We assumed that the vapor consisted only of water (a valid assumption
for equilibrium vapor pressure for a skimmed liquor). Second viral coefficient values for water
vapor (O'Connell, J.P. and J.M. Prausnitz, 1970) and known properties of water (Keenan, J.H.
and F.G. Keyes, 1952) were used to convert vapor pressure to fugacity for water. One
equilibrium vapor pressure value and the liquid enthalpy at constant solids were used to calculate

the water fugacity of the liquid as a function of temperature by standard thermodynamic procedures
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(Stoy, 1992). The fugacities of water in the black liquor were then used to calculate the vapor
pressure as a function of temperature and the results compared. It should be noted that this is a
quite sensitive test of thermodynamic consistency. This was done for all four liquors at different
solids levels. The worst case is presented in Figure 8. Itis quite obvious that Massee's model for
heat capacity, the heats of dilution, and equilibrium vapor pressure data are quite consistent
thermodynamically with the assumption that a black liquor of constant solids composition behaves

as a binary system.

10.3 Enthalpy-Concentration Model

Once the experimental method for experiménta]ly determining the heat of dilution had been
established and enthalpy-concentration relations were shown to be thermodynamically consistent
with treatment of a black liquor of constant solids composition as a binary, heat of dilution was
determined experimentally for all of the black liquors derived from the circulation digester pulping
experiments. One can appreciate that this experimental work, along with the experimental work
necessary to determine heat capacities for all of these liquors took considerable time and effort.

The data were used to develop enthalpy-concentration relations for the liquors derived from
the circulation digester pulping experiments as reported in: Zaman, A.A. and A.L. Fricke, "Heat
of Dilution and Enthalpy-Concentration Relations for Slash Pine Kraft Black Liquors,” Chem.
Eng, Comm., 155, 197-216 (1996), which is included as part of this report. "€ f’ "yfz ;n o Ve </,

Heats of dilution as a function of solids concentration at 80°C with the same reference states
for water and black liquor solids were determined by the method developed by Stoy (Stoy, 1992,
Fricke, 1993, Stoy and Fricke, 1994). These were used, following Stoy, to calculate "base
isotherms" at 80°C for each, which are really the enthalpy-concentration relations as a function of
solids at a constant temperature of 80°C.

These "base isotherms" all exhibit exponential type decay with increasing solids
concentration. Evaluation of a number of correlating functions led to the following as a

satisfactory correlating function:
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Hy, =H_+ b[—l + exp(%)] (10.3.1)

where:

Hgg = liquor enthalpy at 80°C and solids mass fraction, X, Btu/lb solutions
X = solids mass fraction
Hy, = enthalpy of water at 80°C, = 143.9 Btu/lb

b, ¢ = adjustable constants

Values determined for b and ¢ for liquors at all of the pulping conditions, except two, are given in
Table 10.3.1. The correlation coefficients are 0.99+ in all cases.
Once the enthalpy at 80°C is determined for a liquor at a given concentration, the enthalpy at

any other temperature is simply:

T
Hy=H,+[C, dT (10.3.2)
80

where:

Hgo = enthalpy of the liquor at the given concentration and 80°C
Cp = heat capacity of the liquor at the given concentration
T = Temperature, °C

Hr = enthalpy of the liquor at the given concentration and temperature, T

Heat capacities, as determined by using the model:
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Figure 10.3.1
Model Parameters for Equation 10.3.1 for
Calculation of "Base Isotherms" (Enthaply of Black Liquor at 80°C) and
Values of Enthalpy of Slash Pine Black Liquors at 80°C and at the

Solids Concentration Given

" Circulation
Pulping % Solids Hgq kl/kg b c R2

Liquor No. 1 solids)

1 0.81 264.8 83.0 0.243 0.99+
2 0.79 225.7 116.54 0.327 0.99+
3 0.77 247.0 103.52 0.283 0.99+
4 0.80 236.4 107.5 0.305 0.99+
5 0.79 259.6 97.06 0.289 0.99+
6 0.79 1258.0 106.25 0.300 0.99+
7 0.77 260.8 103.01 0.294 0.99+
8 — — 107.31 0.314 0.99+
9 0.73 240.0 97.02 0.263 0.99+
10 0.78 239.4 08.16 0.271 0.99+
11 0.86 231.0 95.16 0.265 0.99+
12 0.73 241.0 112.45 0.293 0.99+
13 0.80 233.2 92.53 0.272 0.99+
14 0.30 224.0 124.08 0.348 0.99+
15 0.76 236.6 102.02 0.304 0.99+
16 0.78 222.0 109.25 0.334 0.99+
17 0.80 253.1 90.02_ 0.290 0.99+
18 0.73 2443 111.77 0.305 0.99+
19 0.73 229.0 120.60 0.358 0.99+
20 0.73 243.0 e e
21 0.73 244.6 103.05 0.308 0.99+
22 0.73 245.2 103.838 0.300 0.99+
23 0.73 2447 - —
24 0.79 238.0 105.40 0.282 0.99+
25 0.80 247.0 101.97 0.337 0.99+




253

C,=(A+BT)S+ 6.19x10™*T+3.98 (10.3.3)

where;

T = Temperature, °K
S = solids mass fraction

Cp = heat capacity, kJ/kg °K

were used with the constants A and B as given in Table 9.0.1, rather than Massee's more
fundamental relation, since it had been shown that this could be used with only slight sacrifice in
accuracy.

The values of b and ¢ for equation (10.3.1) and A and B for equation (10.3.3) permit the
enthalpy-concentration relation to be calculated for the liquor. A number of examples are presented
graphically in the publication. Enthalpies at 80°C for all but one liquor have been calculated for 73-
86% solids (note error in Table II of the publication: values of solids concentration are mass
fraction, not wt%). These range from 220 to 260 kJ/kg solids, which is certainly not negligible
compared to the ideal mixture enthalpy of about 75 kJ/kg solids.

Since the variation in enthalpy from liquor to liquor of the same species and at the same
temperature and composition varied less than about 15% of the change due to dilution from about
75% solids, correlation of the adjustable constants with pulping conditions was not pursued;
values at intermediate conditions can be estimated quite well by interpolation.

Correlation of the adjustable constants with liquor composition was not done due to higher

priorities for other studies.
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11.0 VAPOR-LIQUID EQUILIBRIA

Vapor-liquid equilibria (or at least the boiling point rise) of black liquors with respect to
concentration are very important data for design of liquor concentration systems, especially for
multiple effect systems that are used in the pulping industry to decrease energy requirements for
concentration. These relations are also important in liquor firing and in droplet drying in the
furnace. The vapor pressure at firing concentrations sets an upper limit on the liquid temperature
for firing. The driving force for initial drying of droplets in the furnace is determined by the
difference between the liquor vapor pressure and the water vapor pressure in the furnace. Also, it
has already been shown earlier in this report that these data can be used to test thermodynamic
consistency of enthalpy data. If enthalpy data are thermodynamically consistent, enthalpy data and
vapor-liquid equilibria at one pressure vs. solids concentration can be used to calculate fugacity
(and vapor pressure) at other temperatures as shown earlier. Details for the standard
thermodynamic calculations specifically for black liquors are given by Stoy (Stoy, 1992). This has
been tested numerous times. We have applied this to mill liquors where vapor-pressure equilibria
were determined at pressures of 0.2 to 1.0 atm absolute pressure for the firing solids concentration
with extrapolation of the data to as much as 4.0 atm for determining the maximum firing
temperature for the particular mill condition. The extrapolated estimates and mill experience were
never in disagreement.

Vapor-liquid equilibria data as a function of solids concentration were collected for each of
the liquors derived from the circulation digester experimental pulping of Slash Pine as well as for
mill liquors and other experimental liquors. The quantitative analysis of the effect of pulping
conditions on vapor-liquid equilibria results was performed on the liquors derived from the

circulation digester experimental pulping.

11.1 Experimental Method and Initial Results

Equilibrium vapor pressure or boiling point elevation has long been recognized as being

important for black liquor processes; the earliest work was reported in 1939 (Kobe, K.A. and R.J.
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Sorenson, 1939). Two good summaries of results available up to 1986 have been published
(Adams, T.N. and J. Frederick, 1986, Robinson, M.L. and D.T. Clay, 1986).
As part of his Ph.D. thesis, Stoy (Stoy, 1992) thoroughly reviewed all reported

measurements and critically reviewed the methods used in order to develop an accurate method for

this work. Basically, four methods have been used in the past. These are:

1. Measurement of pressure and temperature in a stirred vessel while operating at total

1

reflux.

2. Measurement of pressure and temperature in a stirred vessel containing black liquor
dispersed in a non-volatile oil while operating at total reflux.

3. Measurements of boiling point elevation in multiple effect evaporator systems in
mills or in pilot scale evaporators.

4. Gravimetric determination of liquor concentration for a liquor in contact with water

vapor at constant pressure.

Results reported from using stirred vessels at total reflux (Method 1) have been limited to liquor
concentrations below about 65% solids; however, the most extensive work reported was for sulfite
liquors (Han, 1957). Method 2 has been used to determine vapor-liquid equilibria at solids
concentrations up to almost 100% solids by several investigators. Results are highly questionable.
The oils were added to lower the viscosity, and it was assumed that the black liquor droplets were
completely dispersed, did not interact with the oil, and that there was no superheating. Using
calorimetric methods, Stoy (Stoy, 1992) found that there was significant solubility of some kraft
black liquor components in every hydrocarbon oil he tested. Also, heat transfer calculations
indicated that there has to be significant superheat in the liquid. Results determined by this
technique must be in error. Results reported from Method 3 suffer from the fact that vapor and
liquid may not be in equilibrium, which would give results for boiling point elevation that are

consistently lower than the true value. Theoretically, Method 4 is excellent. Experimentally, it is
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difficult to conduct and the time to establish equilibrium can be very long, unless the liquor sample
is small and distributed so as to have a large surface to volume ratio. Stoy (Stoy, 1992) discusses
the problem inherent in this method in detail.

After this extensive review, Stoy recommended that the stirred vessel method be used for
our work. The design and development was done with critical attention given to pressure control
and measurement, temperature measurement, control of heat flux, and control of mixing. Later, an
automatic m;13s balance system was added.

The basic vessel was a straight sided five liter vessel with a three liter straight sided glass
section at the top and a two liter conical stainless steel section at the bottom. This permitted
foaming to be monitored and permitted mixing to be visually evaluated while providing good
uniform heat flux at the bottom where the stainless steel bottom of the vessel was encased in an
electrical heating jacket with voltage control to control heat flux.

Stoy designed a baffle and opposed turbine system to maximize mixing in the vessel for
fluids with viscosities up to 500 cp. The agitator is driven by a DC variable speed motor and is
sealed by a tapered stuffing box filled with Teflon coated fibers. This proved, as will be pointed
out later, to be a successful system; however, the stuffing box proved to be the weak point.
Measures were adopted to ensure elimination or minimization of air leakages into the system by
periodic monitoring and adjustment.

The vessel was mounted at the top to a flat plate rigidly connected to a supporting frame.
The agitator was mounted in a step block in the bottom of the vessel and through two roller
bearings in pillow blocks above the vessel. The motor was connected by a flexible belt drive to a
drive shaft that passed through two roller bearings in pillow blocks. The drive shaft and agitator
shaft were connected by a flexible coupling. The bearings for the drive system were rigidly
connected to the same frame that supported the vessel. Extreme care was taken to align the vessel
axis and shafts to minimize wear on the sealant contained in the stuffing box.

Two condensers were connected to the vessel in series. The first was a 300 mm glass

Graham condenser and the second was a 1-1 shell and tube metal exchanger containing 14—0.25
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inch OD x 18 inch long tubes that was also mounted vertically. The condensate line was connected
via a flexible tube to a glass flask that served as a condensate receiver. The receiver was mounted
on a platform beam balance so that its mass could be measured continuously.

The system can be operated in two fashions. When the Graham condenser is used, the
condensate is returned to the vessel. This permits total reflux operation so that equilibrium data
could be taken at conditions of constant solids concentration. With the Graham condenser drained,
the condensate is collected in the receiver and the receiver mass recorded continuously. If the rate
of evaporation is sufficiently low, equilibrium data as a function of solids concentration at constant
pressure could be collected.

Measurement and control received particular attention. A diaphragm strain gage type of
pressure transducer that was resistant to corrosion by black liquor and had minimal hysteresis and
very rapid response time was selected. This was first calibrated over nearly the entire range against
a mercury manometer read by cathetometer. It was mounted directly into the vapor space of the
vessel. The system pressure was controlled by controlling the rate of air bled into the exhaust line
from the receiver that was connected to a vacuum pump. The transducer was connected to a
controller and the control system calibrated as a unit. Pressure could be controlled to within * 0.5
mm Hg with cycling of £ 1 mm Hg or less from 50 mm Hg to atmospheric pressure. Temperature
of the liquid was measured by a rapid response resistance thermometer connected to a bridge
system. The thermometer and bridge were supplied with calibration traceable to NIST, but it was
checked before use using freezing point standards and boiling point standards. The receiver
balance was connected to an electronic system that gave readings in a series of steps of 100 mv
with a linear response of about 4 gms/mv. It was calibrated over the entire range with dead
weights and found to be linear within & 0.5 gms. The system control was tested with water at total
reflux. The pressure was found to cycle about the set point with an amplitude of + 0.5 mm Hg and
frequency of 30-40 seconds. This cycling produced a similar cycling of the temperature with an
amplitude of £ 0.05°C or less. It was determined to use mid-point readings for both temperature

and pressure.
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Several fluids and solutions for which accurate vapor-liquid equilibria data are available
were used to test the system accuracy at total reflux and to determine the maximum rate of
evaporation for which equilibrium could exist. The latter was determined to be 6 gm/min or less.
Tests showed that the rate of evaporation was constant and could be controlled by controlling the
heat flux. Tests with water and NaCl, NaOH, and sucrose solutions were conducted. Sucrose
solutions, up to 65 wt% were used to determine the effect of viscosity. Boiling points measured
agreed with literature values within £ 0.15°C or less in all cases.

At total reflux, the evaporation rate was set at 1-1.5 gm/min. It normally required about 15
minutes to guarantee steady-state had been attained. When run as a concentrator, the evaporation
rate was set at a maximum of 4 gms/min and maintained at a constant rate. At the end of a
concentrator run, validity of results was checked by making a material balance. Further details are
given by Stoy (Stoy, 1992). '

A summary of the unit with initial results for both an experimental and a mill liquor have

been published in: Stoy, M.A., A.A. Zaman, and A.L. Fricke, "Vapor-Liquid Equilibria for Black

Liquors,"” 1992 International Chemical Recov nference, 495-511 (1992) that is included as
part of this report. r‘CFY\IVZ{' fFemo Ve d,

The system was used routinely for liquors (except carbonate and semi-chemical liquors) at
concentrations up to 75% solids. If the liquor viscosity is within limits, measurements are made at
up to 85% solids. If there is no solids precipitation during concentration, all liquors exhibit similar
response with no discontinuity or sudden changes in slope of the boiling point vs. solids
concentration curve. In all cases, the vapor pressure at constant solids was a logarithmic function
of reciprocal absolute temperature with a coefficient for the 1/T2 term that was relatively
insignificant. For skimmed liquors, the relations for different solids concentrations from 12 to
above 75% solids were very nearly parallel, indicating that the heat of vaporization is nearly
constant over the range of solids concentration. This is clearly illustrated with the data preéented in

the publication.
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Boiling point elevations at constant pressure as a function of solids concentration can be
obtained from a cross plot of the vapor pressure data or determined by direct experiment. Figures
4 and 7 in the publication are illustrations of such cross plots and Figure 10 is an illustration of
results determined by direct experiment.

Several points are evident. BPE increases with increasing pressure and the effect of
pressure generally increases with increasing solids concentration. Boiling point elevation, or rise,
increases at nearly a linear rate to 15-25% solids, depending upon the liquor, after which the rate of
change increases with increasing solids concentration to 55-70% solids, depending upon the
liquor. At higher concentrations, the rate of change of boiling point rise decreases with increasing
solids concentration. We infer that the behavior with respect to rate of change of boiling point rise
at high solids is caused by the same behavior shown to affect density and viscosity behavior.

Data can also be treated in terms of reference plots. Figure S in the publication is a Diibring
plot for one of the liquors. It is worth noting the abrupt change in slope of the lines between 50
and 57% solids.

Different liquors are compared in the publication. Particularly, the difference in results
between softwood liquors and a hardwood liquor are discussed. Finally, the ranges of boiling
point rise at a number of solids concentrations determined in this work for these few liquors are
compared with those determined in past work. The agreement is generally poor, except for fhe
mid-range (50-60%) of solids concentration. We believe the disagreement at high solids is due to
superheating in the experiments of past workers. We can arrive at no justifiable reasons for the
differences observed at low concentrations. ’

As describe earlier, vapor-liquid equilibria determined experimentally with this system are
thermodynamically consistent with enthalpy determined by calorimetry measurements. Also, the
system has been shown to give accurate vapor-liquid equilibrium data for known systems, either
when operated at total reflux or as a concentrator at a low rate of evaporation. The weak point is
the stuffing box; it is difficult to eliminate the effect of air leakage. If the system were to be

modified or if a new system were to be constructed, two changes should be made. A magnetic
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coupling should be used for the drive in order to eliminate the need for a shaft seal; the small
sacrifice in torque limit for agitation would be more than compensated for by the elimination of this
source of air leakage. The vessel should be constructed entirely of metal with viewing ports so that
data could be taken at pressures well above atmospheric.

This unit is highly recommended for those interested in boiling behavior. It has been
shown to operate as a Rayleigh differential still for these systems. We have been able to observe
first order thermodynamic changes in the liquid (such as solids precipitation) as evidenced by
discontinuities in the rate of change of boiling point with increase in solids concentration measured
at constant pressure, and stripping of organics or other volatiles can be determined for incremental
changes in solids concentration by analysis of the condensate collected. These latter two uses have

been demonstrated in experiments conducted with our unit on some liquors.

11.2 Vapor-Liquid Equilibria Correlation

Vapor-Liquid Equilibria data have been collected for all black liquors derived from the
circulation digester experiment using skimmed liquors. Data were taken under conditions of total
reflux (constant solids concentration) at pressures ranging from about 0.2 to 1.0 atmospheres at
constant solids concentrations ranging from about 23 to as high as 85% solids concentrations.
Typically, data were collected at seven to nine concentrations for each liquor. In addition, the
boiling point of these liquors was determined as a function of solids concentration at constant
pressure during experiments run to prepare concentrated liquor samples for other properties
studies. These experiments were normally conducted at reduced pressures in the range of 0.35 to
0.65 atm. Experimental results were very reproducible, and results from experiments run to
determine the boiling point of a black liquor as a function of solids concentration at constant
pressure were always in excellent agreement with vapor-pressure data taken at constant solids
composition for the same liquor.

It must be emphasized that these data for the experimental liquors were for liquors that had

previously been evaporated to about 25-30% solids concentration and the soap skimmed.
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Therefore, volatile organics and soap had been nearly all removed. During the evaporation and
skimming that was conducted in the pilot scale evaporator described previously, the condensate
was white, but often "milky" in appearance. A number of analyses on the condensate collected
showed the condensate contained no lignin components, barely detectable traces of positive ion
metals, but fairly high organic carbon that was principally due to methanol and to soap components
stripped from the liquor during concentration. Vapor-liquid equilibria experiments run with the
previously evaporated and skimmed liquors produced condensates that were clear and water white
with barely detectable levels of organic carbon in a few cases. Therefore, the condensates from
experiments run using the preevaporated and skimmed experimental liquors were essentially only
water.

A compete summary of results of vapor-liquid equilibria studies conducted with the black
liquors derived from the circulation digester experiment and correlation of these results has been
published in: Zaman, A.A., T.W. McNally, and A.L. Fricke, "Vapor Pressure and Boiling Point
Elevation of Slash Pine Black Liquors: Predictive Models with Statistical Approach," In d, & Eng,
Chem., Res., 1998(37), 275-283 (1998) that is included as part of this report. re,er 't oV e d/

Results demonstrate that the condensate is essentially water and that the vapor pressure at

any solids concentration is given by:
mP=A-B/T+C/T? (11.2.1)
where:
P =vapor pressure, atm

T = Temperature, °K

A, B, C = experimental constants
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However, C is extremely small; therefore, the third term can be neglected with very little loss of

accuracy. Thus, the vapor pressure is given by:
mP=A-B/T (11.2.2)

with nearly the same accuracy.

If black liquor is treated as a binary of water and black liquor solids and if we assume water
vapor behaves as an ideal gas, integration of the Clausius-Clapyron equation leads to equation
(11.2.2). If the heat of vaporization were constant with respect to solids concentration, B should
not vary with respect to concentration for a given black liquor. However, both A and B vary with
concentration for a given liquor, as illustrated for selected liquors as shown in Table 2 of the
publication. This is not unexpected. Enthalpy studies have shown clearly that black liquor is a
non-ideal solution, even though its treatment as a binary is thermodynamically consistent. It is
important to note that it has been shown that complete vapor-liquid equilibria can be accurately
predicted from enthalpy and one equilibrium boiling point vs. solids concentration curve at
constant pressure.

Boiling point elevation or boiling point rise (BPR) is generally a function of pressure above
about 20% solids and the BPR vs. solids concentration varies with variations in the liquor solids,
as is illustrated for selected liquors in Figures 2 and 3 of the publication. Our method for handling
this is described later.

Vapor-liquid equilibria for a binary consisting of a volatile and non-volatile component

have been treated successfully in terms of molality:

BPR =K,m (11.2.3)

where;
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BPR = boiling point rise
m = molality
= mols non-volatile component/mol volatile component

Kp = constant
Black liquor solids (the non-volatile component) is a mixture of many components and the
appropriate molecular weight is unknown; however, the composition of the liquor solids does not
change during concentration. Realizing that, in this case, molar concentration of solids is
proportional to mass concentration, Frederick (Frederick et al., 1980) suggested modifying
equation (10.2.3) by substituting mass fractions for molality to give:

BPR:K[iS] (11.2.4)

where:

BPR = boiling point rise
S =mass fraction of liquor solids
1-S = mass fraction of water

K = constant

which both he (Frederick et al., 1980) and Wennberg (Wennberg, 1985) used successfully to

correlate BPR vs. solids for concentrations up to about 50% solids. Above that concentration,

both Frederick and Wennberg observed a change in slope (change in K) when BPR was plotted
vs. (S/1-S). Frederick concluded that this was due to precipitation of Na2SO4 and NapCO3 from

the liquor. He added NapyCO3 and observed that BPR did not change with addition of NapCOj3 at

concentrations above 50%.
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Our results also show a change in slope (change in K) when BPR is plotted vs. (S/S-1), as
is illustrated in Figures 4 and 5 of the publication; however, this change occurs at about 65% solids
for the slash pine liquors that were extensively studied in this work. While Frederick may be
correct in attributing this to precipitation of salts from the liquor solids, there are reasons to
question his interpretation and to consider alternatives. Solids precipitation is a first order
thermodynamic transition, and detailed and accurate enthalpy studies have shown no evidence of a
first order transition occurring at high solids that cannot be attributed to heat of dilution if
concentration in solution is changed. There was no visual evidence of salt precipitation in our
liquors, even when the liquors were held at constant elevated temperature and constant
concentration for extended periods. It is worth noting that solids precipitation was visually
observed in some mill liquors with a concomitant change in slope of the line when BPR was
plotted vs. (S/1-S) for those cases.

An alternative and possibly much more valid explanation may be that the change in liquor
BPR behavior is due to the second order transition in the liquor has been shown to occur for these
liquors at concentrations of about 65% solids and 25°C. This would certainly affect the
assumption that mass fraction is proportional to molality, or at least it would change the
proportionality constant. The change could be accounted for from experimental data by modifying
(S/1-S) appropriately or by changing K in equation (10.2.4). The latter course proved to be
successful and more tractable. Our data were divided into two concentration regions, S < 0.65 and

S > 0.65, and separate equations used for each, which are:

BPR = a[l—ss-] , 9<0.65 (11.2.5)

and:

BPR=2a’+ b'[%] » 9>0.65 (11.2.6)
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where a, a“, and b” are constants for a liquor.

The constants, a, a°, and b’, are pressure dependent, but all are linear with respect to
pressure, as illustrated in Figures 6 and 7 of the publication. Although described in the publication
as unique, it is really related to the reasoning used to develop Diibring relations and only depends
upon the Diibring relations being linear with pressure at constant concentration, and this had been
demonstrated in our earlier work described in section 12.1 of this report.

Since the boiling point rise relations vary from liquor to liquor, the values of a, a”, and b”
for equations (11.2.5) and (11.2.6) are dependent upon the liquor composition. This leads to

defining a, a”, and b” as:

a=a,+bP (11.2.7)
a’=a,+b,P (11.2.8)
b’=a,+b,P (11.2.9)

The final development leads to six constants that are true constants and that can define the complete
BPR behavior of the slash pine liquors up to 80-85% solids concentrations. Substitution of these

relations into equations (11.2.5) and (11.2.6) leads to:

BPR =(a, +b,P S » 9<0.65 (11.2.10)

BPR =(a, +b,P)+(a, +b31>)[%], $>0.65 (11.2.11)

as the final test relations.
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Values for the constants for equations (11.2.10) and (11.2.11) were determined from the
experimental data for 21 of the experimental liquors, and these are given in Table 11.2.1. The
correlation coefficients are good, but not excellqnt; two are 0.91-0.92 and the remainder are 0.95-
0.99+ with nearly all at 0.98-0.99+. The great advantage, in spite of the lower than desirable
correlation coefficients in a few cases, of using these constants is the vast reduction in volume of
data that it affords.

Once the set of six constants for each liquor necessary to completely define BPR up to 80-

85% solids were determined, we proceeded to search for correlations of these constants with

pulping conditions. Linear quadratic models with two variable, three variable, and four variable
interactions were evaluated by statistical methods. The complete linear quadratic regression
equations (16 constants with five degrees of freedom) yielded regression coefficients of 0.99 or
better for the equations for the six constants in the BPR relations, equations (11.2.10 and
11.2,11). Values for the constant for each term in the relation of each constant for equations
(11.2.10) each constant for equations (11.2.10) and (11.2.11) that relates the constant for equation
(11.2.10) or (11.2.11) are given in Table 4 of the publication. The complete regression equation is
given by equation (12) in the publication.
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The best fits without bias contained 11 variables (twelve terms). These are the

recommended equations. The recommended equations relating the six constants of equations

(11.2.10) and (11.2.11) to pulping conditions are:

a, =3.955x10° +2.941t —15.278T — 77.690EA

— 5.470x107°Tt - 3.488 x 102tEA —0.397tS

+ 0.178TEA +1.428 x1072T? — 5.0 x 10 tTEAS

+ 2.260 X1072tEAS +8.750 x10~*{TS

with R? = 0.93, adjusted R? = 0.84 (11.2.13)

b, =5.772x10™ +1.288 x 10t —3.260

X 10°T+1.625x102EA +1.110x107*S

~ 3,198 x107°T —1.655x107°tS —3.936

X 10°TEA +1.50 x107t* +4.480 x 10~° T2

2.255x10°EA? +2.734 x 10*(TEA

R? =0.98, adjusted R* =0.96 (11.2.14)

a, =3.778x10° —=17.7T + 38.72EA +2.861

x 107tS —~9.448 x 102TEA —2.894 X102 EAS
- 1.315%107°¢* +2.082 x10>T? +1.633

x 10"EA? +5.621x 10 tTEAS —2.537

X 102tEAS —6.190 x 10~*TtS

R? =0.97, adjusted R* =0.94

b, =1.558 +5.050x10™*t +6.930 x 10T

+ 9.266 x10EA —3.721x10°tEA - 8.177
X 107tS+2.113x10°TS —7.054 x10°EAS
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—~ 8.079x10°°T2 -2.610x10™*EA? +1.514
X 10 tEAS +1.390 x107"tTS
R? =0.95, adjusted R? =0.88 (11.2.15)

a, = — 6.745x10% +3.314t —15.790EA +3.905S
~ 2.990 10T ~3.376 x10%tS +3.812
x 102EAS —8.249 x10°TS+9.910x107*¢*
~ 4.070x107°T? - 4.873 x 102 EA” +1.460

x 10°({TEA
R? =0.81, adjusted R?=0.78 (11.2.16)

b, =—8.334x107° -1.736 102t +2.161
X 10°T+3.869 x10°tT +1.120 X 103tEA
+ 4.640x107*tS—3.360 x107t> —1.566
x 107°8% +6.405x10*tTEAS - 2.876
x 10°tEAS —2.496 X 10 °tTEA —1.029 X 107°(TS
R* =0.80, adjusted R? =0.75 (11.2.17)

where;:

EA = Effective alkali, %
S = Sulfidity, %
T = Temperature, °K

t = Time at temperature, min.

The regression coefficients for aj and bj are very good, indicating very good prediction of

the data for solids concentrations below 65%. Regression coefficients for ag and ba are quite
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acceptable, indicating good prediction of the intercept for the second line. The regression

coefficients for a3 and b3, which define the slope of the line relating BPR to (S/1-S) at solids
concentrations above 65%, are not as good.. This is not an unreasonable result when one considers
other results. There is reason to believe that a transition in solution behavior occurs around 65%
solids and lignin characteristics should play a greater role above this concentration. It has been
shown that the MWDs of the lignins in these liquors differ drastically. Even so, the correlations
predict the data quite well. The maximum error in prediction of BPR rise for all of the data is about
4%. The correlations predict data for slash pine liquors not included in the regression with the
same accuracy or better. '

The method for obtaining equilibrium vapor pressure vs. temperature at constant solids
concentration is given in the publication, along with examples of fits of the predicted relations to
experimental data (Figures 8 and 9 in the publication).

All liquors tested, which included Western softwood kraft, hardwood kraft, mixed
hardwood and softwood kraft, sulfite, carbonate, and semi-chemical pulping liquors exhibited the

same general behavior. However, there were differences. The region for validity of equation
(11.2.5) was generally 0 to almost 75% solids for hardwood kraft and 0 to about 35% solids for
carbonate and semi-chemical liquors. These limits agreed with values of the first second order
transition for these liquors, as determined by density measurements at 25°C. In some cases with
mill kraft liquors, both hardwood and softwood, the region for validity of equation (11.2.5) was
limited to 0 to 45% solids to 0 to 55% solids. In every such case, there was a discontinuity in the
rate of change of boiling point at constant pressure with increase in solids concentration, and there
was yisual evidence of precipitation in the eval;orator. Otherwise, kraft mill liquors behaved like
the slash pine experimental liquors.

In summary, this phase of the program has resulted in a number of important
developments. A flexible experimental apparatus has been developed for accurate determination of
vapor-liquid equilibria of blacic liquors at up to 85% solids concentrations. Vapor-liquid equilibria

for black liquors have been shown to be thermodynamically consistent with enthalpy and
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consistent with the first second order transition observed in other measurements. Precipitation
from liquors during concentration, a real problem in mill operation, can be observed (if it occurs)
from experiments using the apparatus. A data reduction scheme has been developed that can be
applied to other liquors to reduce the experimental effort needed to completely describe the vapor-
liquid equilibria of the liquor. A quantitative model has been developed that relates vapor-liquid
equilibria at up to 85% solids to pulping conditions for an important wood species (slash pine).
Moreover, one can expect this model to qualitatively fit vapor-liquid equilibria for kraft pulping of

other species.
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12.0 VISCOSITY AND RHEOLOGICAL BEHAVIOR

While other properties have been shown to be complex and to vary substantially over the
concentration range experienced in black liquor processing as well as variations caused by different
pulping conditions for liquors derived from kraft pulping of even one specific wood species,
viscosity and rheological behavior are the most complex and exhibit the largest variations. In
processing any specific kraft black liquor from about 15% solids concentration to 70% solids
concentration, variations in all properties are substantial, but viscosity varies the most. ‘Over the
range cited, density will vary by about 25-28%, BPR will be about 22°C at one atmosphere (a 22%

increase in boiling point compared to water), heat capacity will vary by about 35%, the enthalpy

correction necessary to account for heat of dilution will be about equal to the sensible heat for the
liquid (calculated using the heat capacity of the liquor at 70% solids referred to 0°C), but the
viscosity will vary by a factor of at least 50 and usually over 100 (5,000 to 10,000%)! Also,
viscosity shows the most complex response to pulping conditions and solids composition as well
as the largest variations. It also exhibits the greatest differences with respect to wood species used.
Accurate values for all of the properties investigated in this program are needed, but it is obvious
that viscosity and rheological behavior must receive the most study.

The range of viscosity and the need to investigate the viscoelastic behavior of black liquors
at high solids introduces a great deal of complexity. This complexity is increased by the need to
make measurements on a material containing a volatile component over a wide range of temperature
and shear rate, and measurements on a material whose rheological behavior has been shown to be
time dependent at high solids and temperature due to changes in the liquor solids (Small, 1986,
Soderhjelm, 1986, 1988). Obviously, no one instrument could be used for all measurements.
Also, since most instruments were designed for polymer or polymer solution applications, the
temperature control system of nearly every instrument has to be modified; the change of viscosity
of black liquors (a polar solution) is five to ten times larger than that for most polymers or polymer

solutions. Finally, many instruments are incapable of measurement of fluids exhibiting significant

vapor pressure.
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12.1 Instruments

Eight different basic types of instruments with different tooling for many of the instruments
were used in our studies to permit us to study rheological properties over the full range of
concentration, temperature, and shear rate or frequency of interest. Many of these were modified
or custom built to meet our needs. With these instruments, we could study the full range of
variables. All instruments were calibrated carefully to provide the highest precision possible, and
calibrations of various instruments were checked against each other to insure agreement of
determinations within at least & 10% and usually % 5% or better.

The simplest system used was a set of glass capillary viscometers. These could be used to
determine viscosity of Newtonian fluids ranging from 0.5 to about 600 cp at temperatures from
10°C to within 10°C or less of the normal boiling point of the fluid. Temperature was controlled to
within + 0.1°C or better. These were used extensively for measurements of viscosity of black
liquors at low solids concentrations (< 50% solids).

A Cambridge Sliding Element Viscometer that had been modified for our applications and
which incorporated our design for precise temperature control was used to measure Newtonian
viscosities at low solids (< 50%) concentrations and zero shear rate viscosities at higher solids (50
to 70%) concentrations at high temperatures. This is a pressurized viscometer. Measurements can
be made at temperatures up to at least 160°C and pressures up to 500 psig. Using different
elements, we can measure viscosities from 1.2 to 500 cp. Measurements with black liquor were
normally made at temperatures ranging from 40 to 140°C.

A completely equipped Rheometrics RMS-800 was used, particularly for studies of
viscoelasticity and for determination of zero-shear rate viscosity at high solids. The instrument is
equipped with two stress measuring devices to permit accurate measurement of shear and normal
stresses over a range of at least 105. Four sets of cone-and-plate and parallel plate tooling of
different characteristics are available. Several environmental chambers with very precise
temperature control are included. The instrument can be operated under conditions of constant

controlled strain rate, oscillatory controlled strain rate at constant maximum total strain, or at
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programmed rates of strain. In our work, it was used for measurements at temperatures from
-30°C to within about 10°C of the normal boiling point of the fluid with parallel plate geometry.
Measurements can be made with fluids having viscosities ranging from 1 cp to 107 cp at shear rates
up to about 15 sec-! or frequencies up to about 30 cps. It was used extensively for black liquors.

A Haake RV-12 system with modified or custom built tooling was used. This system is
the same as the Haake RV-20 system now marketed, except that the instrument signals are now
interfaced to a computer. The basic system is a rotational viscometer with speed control and torque
measurement. Cup-and-bob and cone-and-plate or parallel plate geometries are available for
tooling. Three drive heads with capability of measuring torque precisely from about 7 to 1500 gm-
cm are available and used.

Several rotating bob geometries (a total of five) are available and most were used to
determine viscosity of liquors at temperatures ranging from 10°C to within 10°C of the normal
boiling point of the liquor. Measurements could be made at shear rates ranging from about 50 to
800 sec-1 for fluids with viscosities ranging from about 5 cp to well above 2000 cp.

The parallel plates geometry was used for low shear rate measurements (< 10 sec-1) at
temperatures ranging from 10°C to within 10°C of the normal boiling point of the ﬂuid.' With
different drive heads and plates, this arrangement could be used for measurement of viscosities
ranging from about 10 cp to more than 10 cp.

Custom designed and built pressurized cup-and-bob assemblies were also used (Fricke,
1985, 1990, 1993). The drive is magnetically coupled to the rotating bob contained in the
pressurized cup assembly. The bob rotates on jeweled bearings to minimize friction. One
assembly is completely jacketed and temperature controlled to within * 0.1°C by circulating a
temperature control fluid through the jacket at high velocity. The other assembly is completely
immersed in an oil bath with temperature controlled within & 0.1°C or better. Measurements can be
made for fluids with viscosities ranging from about 10 cp to more than 1000 cp at shear rates from

about 80 to 800 sec-l. Measurements can be made at pressures up to 500 psig and at temperatures
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from 40 to 230°C. With black liquors, measurements were seldom made at temperatures above
140°C.

In all of these arrangements, measurements could be begun within no more than seven
minutes of loading the viscometer, and measurements at multiple shear rates could be made within
one hour. Due to the problems with viscosity change with time at high solids and temperature, all
measurements at these conditions were made within one hour of loading the sample.

The devices described have all been limited to Newtonian fluids or to non-Newtonian fluids
at shear rates below about 800 sec-!. Also, viscoelasticity could only be investigated at lower
temperaturés (temperatures less than about 10°C below the normal boiling point). Other devices
were needed to make measurements for non-Newtonian fluids at higher shear rates.

An Instron 3200 capillary melt viscometer was used to measure viscosity up to about 104
sec’! for higher solids concentrations at temperatures from 30°C to within about 10°C of the normal
boiling point. This instrument is a shear rate controlled device. Various gearings and sets of
capillaries are available to permit measurement from about 40 to more than 105 sec-1; however,
measurements much above 10% sec1 are seldom valid due to viscous dissipation in the capillary.
This device was used to measure viscosity of black liquors at high solids and shear rates, but lower
temperatures.

A custom designed and built pressurized viscometer (Farrington, 1986, Fricke, 1985) was
intended for extensive use to measure viscosity at high shear rates and temperature. The device
was designed for operation at pressures up to at least 500 psig. It was tested and used for
measurement of viscosities of some black liquors. Unfortunately, when the instrument was
designed and built, we were not aware of the fact that the viscosity of black liquors decreased
rather rapidly with time at high solids concentration and temperature. This prevented its extensive
use in our work, since very large quantities of liquor at high solids concentrations would have been
required. However, it is highly accurate, capable of measurements at up to 250°C and 500 psig for

viscosities from about 40 to more than 10,000 cp. It can be used for high shear rate measurements

of mill liquors where availability of a large quantity of liquor is not a problem.
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A Brookfield rotating cup viscometer has been used. This device uses a stationary bob and
a rotating cup that can be pressurized to pressures as high as 400 psig. Several cup and bob

geometries and two torque ranges are available. Since the cup rotates, the shear rate range that can

be used is not limited by the development of secondary flow patterns within the fluid. The
instrument is immersed within an oil bath for temperature control. This device can be used to
measure viscosities from 10 to more than 104 cp at shear rates ranging from 10 to above 1500
sec-1, depending upon fluid viscosity and the tooling used. It has been used for measurements
with black liquors at up to 140°C and at shear rates well above 1200 sec-l. At high shear rates,
care must be exercised to make measurements that are unaffected by viscous dissipation.

A Nametre vibrating ball viscometer was also used. This instrument is capable of making
measurements at one frequency (or shear rate) over extremely large ranges of viscosity,
temperature, and pressure. The fluid to be measured is contained in a jacketed pressure chamber
suitable for measurements at up to 600 psig and temperatures ranging from 40 to above 160°C.
Viscosities ranging from about 2 to more than 105 cp can be measured under these conditions. Itis
capable of yielding a viscoelastic measurement at a single frequency at high temperature and
pressure. Its disadvantages are that more than one liter of fluid is required for a measurement and
density must be known to determine absolute viscosity, because the product of viscosity and
density is measured by the instrument.

Extreme care was exercised in maintaining calibration of the instruments used in the course
of this program, and in use of corrections to correct determinations for instrument artifacts such as
entry and exit effects, end effects, etc. to insure that measurements were true bulk fluid
measurements of viscosity and storage modulus were determined. In many cases, measurements
with different instraments were "overlapped"” to insure that discontinuities due to measurements
with different instruments were not a factor. The details for corrections are given in the
publications on the work done in this program as well as in other reports (Fricke, 1983, 1985,

1987, 1990, 1997 and Zaman, 1992).
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12.2 Viscosity Regimes

Viscosities of blz'wk liquors at low solids concentrations (< 50% solids) and at temperatures
up to 100°C have been measured over many years (Morre, 1923, Kobe and McCormack, 1949,
Hunter et al., 1953, Harvin, 1955, Han, 1957, Melcher, 1961, Bodenheimer, 1969, Lankenau
and Flores, 1969, Polyakov et al., 1970, Wight, 1985, Fricke, 1985, Zaman and Fricke, 1993).
The most extensive data are reported by Wight (1985), Fricke (1987) and Zaman and Fricke

(1993). The latter have shown that kraft black liquors behave as Newtonian fluids at temperatures
above 10°C and solids concentrations below 50%. In this regime black liquor can be treated as a
dilute polymer solution and methods developed for data reduction and correlation for dilute
polymer solutions can be applied successfully (Wight, 1985, Fricke, 1985, Adams and Frederick,
1986).

Marton (1971), Ghalke and Veeramani (1977), Oye et al.(1977), Herrick et al. (1979),
Kim (1980), Wight et al. (1981), Sanquist (1981, 1983), Steinuff and Agarwal (1981), Co gt al.
(1982), Small (1984, 1985), Wight (1985), Kim gt al. (1981), Soderhjelm (1986, 1988, 1992),
Stevens (1987), Janson and Soderhjelm (1988), and Milanova and Dorris (1989) have reported
data on viscosity of black liquors at solids concentrations above 50% solids and temperatures up to
110°C. In most cases, the characteristics of the black liquor solids are not reported nor the pulping
conditions recorded. Many have shown that black liquor behavior is non-Newtonian in this region
and that the behavior is pseudoplastic. The most extensive data has been reported by Wight (1985)
and Fricke (1983, 1985, 1987). The fact that behavior is non-Newtonian at these conditions is in
agreement with the interpretation that a second order transition in the fluid occurs. In this regime,
theories developed for concentrated polymer solutions apply and rheology becomes sensitive to the
concentration and molecular weight of the lignin present (Wight, 1985, Fricke, 1985, Fricke,
1987, Wennberg, 1989).

At very high solids concentration and high temperature (the effects of temperature and
concentration are related), liquors become viscoelastic (Co and Wight, 1982, Wight, 1985, Fricke,

1985). At some point, the liquor becomes unable to undergo infinite strain and acts as a semi-
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solid. This occurs at very high solids (above 85%) or at lower solids and lower temperatures
(about -20°C). Therefore, there is a third regime where the liquor behaves as a semi-solid rather
than a fluid. It is of interest to attempt to define the lower limit of concentration where this
behavior will occur, since it defines the upper limit in concentration for liquor firing with present
technology. .

The first two regimes have been thoroughly investigated in this program. Best efforts have

been made to determine the limits for the third regime, but work is not as extensive.

12.3 Low Solids (< 50%) Viscosity

Fricke first suggested using theories developed for dilute polymer solutions that were based
on colligative properties or corresponding states to reduce viscosity data at low solids
concentrations after Massee (1984) investigated the freezing-glass transition behavior of black
liquors. The solids concentration limit for correlation was set arbitrarily, based on research by
Wight (1985). Wight (1985) correlated data for a large number of black liquor systems in an
earlier study (Fricke, 1985). Adams and Frederick (1988) published these results with extensive
claims for application to many systems without regard to variations due to changes in liquor solids
composition. _

The correlation proposed by Wight (1985) involves referring viscosity of the liquor to the
viscosity of the solvent at the same temperature, which is called the reduced viscosity. In the case

of black liquor, the reduced viscosity is defined as:

e =i (12.3.1)

where:

K = liquor viscosity at temperature, T

Hw = Vviscosity of water at temperature, T
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MR =reduced viscosity at temperature, T

In most cases, the kinematic viscosity was measured rather than the absolute viscosity.

The kinematic viscosity is defined as:

v=p/p (12.3.2)

and the reduced kinematic viscosity is defined as:

ve =(1/p) /(s /P,) (12.3.3)

where;

p = liquor density at temperature, T
pw = density of water at temperature, T
v = kinematic viscosity at temperature, T

VR = reduced kinematic viscosity at temperature, T

Both pg and vr were used in reducing data. Use of VR is successful, since the density of
liquor increases linearly with concentration at constant temperature and the effect of temperature on
density of both black liquor and water is small compared to the effect of temperature on viscosity.
These factors are accounted for by adjustments in the constants of the data reduction equation
discussed later.

Finally, it is known that viscosity is an exponential function of reciprocal absolute
temperature, which led to use of S/T as a reducing function where S = solids mass fraction and T =
absolute temperature (Wight, 1985, Fricke, 1985, 1987, Adams and Frederick, 1988). Fricke and

Zaman (Fricke, 1987, Zaman and Fricke, 1991) later suggested using a reference absolute
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temperature, Ty, as a scaling factor to yield (STo/T) as the reducing function. This reducing

function leads to:
n S i
log(vR)=Zai(¥) (12.3.4)
i=l
~and
log(vR)=Za{(S¥°) (12.3.5)
i=1
where:

VR = Reduced kinematic viscosity
S = Solids mass fraction

T = Absolute temperature

T, = Reference temperature

a;,a; = Constants for a liquor

as the data reduction equation that can be used to fit all data for a single liquor to one curve.
Extensive work by Wight (1985), Fricke (1985, 1987) and Zaman and Fricke (1991) show that
two terms for either equations (12.3.4) or (12.3.5) are sufficient to correlate data for any one black
liquor (constant composition of solids) with an adjusted correlation coefficient of 0.996 or better.
It has also been shown by Wight (1985) and Zaman (1991, 1992) that this function can be used
universally for black liquors; however, correlations vary with liquor solids composition.
Therefore, one should not use a single correlation of this type as recommended by Adams and
Frederick (1988). The reference temperature used by Zaman and Fricke (1991) for equation

(12.3.5) was 313.16°K.



308

A review of past work and presentation of some of the early work performed in this
program, along with a review of viscosity at high solids (> 50%) and high temperatures is
described in the publication: Zaman, A.A. and A.L. Fricke, "Viscosity of Black Liquor Up to

130°C and 84% Solids," Forest Products Symposium, AIChE Proceedings, 59-77 (1991) that is
included as part of this report. This publication, included here, will alsoy referred to extensively

in later sections of this report. e F P H d remoy L

Zaman and Fricke (1994) also performed an extensive evaluation of the use of theories for
viscosities of liquids and for viscosities for dilute polymer solution. The publication on this work:
Zaman, A.A. and A.L. Fricke, "Correlations for Viscosity of Kraft Black Liquors at Low Solids
Concentrations,” AIChE Journal, ﬂ(l),: 187-192 (1994) is included as part of this report. It is
clearly shown that black liquor at low solids concentrations can be treated as a dilute polymer
solutions. General correlation forms developed from absolute reaction rate and free volume
theories that are applicable to dilute polymer solutions have to be shown to apply to black liquors at

L4 ~ 1/
low solids concentrations. Ve F iyt re/mol e,

Absolute reaction rate theory leads to:

L= AT exp[B, /T] (12.3.6)

and free volume theories lead to;

B,T,
n= AzTO-s exp[Ti ';‘o ] (12.3.7)

where:

U = Viscosity

T =Temperature
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To = Phase transition temperature

A1, Az, B1, B2 = Constants

Equation (12.3.6) is a two constant model and equation (12.3.7) is a three constant model;
however, T, (the temperature at which the free volume is zero) can be fixed as a constant
independent of solids. Using results of Massee's work (1985), we found that T, = 220°K could
be used as a constant independent of concentration. Use of both of these equations was tested.
Both models could be used to fit viscosity data for black liquors with very high precision (R2 >
0.99).

The constants, A1 and Bj, for equation (12.3.6) were both found to be concentration
dependent. By increases with increasing solids concentration, but the rate of increase is not linear.
However, the values for B1 which are slightly less than twice on "activation energy"” are in the
proper range for viscosity. Aj proved to be uncorrelated with solids concentration. Thus,
equation (12.3.6) proves to have little value for predicting the effects of both temperature and
solids concentration on viscosity.

Equation (12.3.7) that is based on free volume theory is also a two constant model if Ty, is
specified independent of concentration. That this is true has been shown for a number of liquors.
One should also note that equation (12.3.7) is more widely accepted for correlating dilute polymer
solution viscosity. The constants, Aj and B9, for equation (12.3.7) were evaluated for a number
of different liquors with To = 220°K. As expected, the equation correlated data for a given liquor
at any one solids concentration extremely well, and As and By were smooth functions of solids
concentration. Ag is a linear function of concentration and B2 is a curvilinear function of
concentration. It was found that A3 did not vary significantly from liquor to liquor for one species
(this is expected from theoretical considerations) and can be expressed as an average linear function
for all liquors from a single species. This was done and Bj reevaluated as a function of

concentration for each liquor. B proved again to be a curvilinear function of concentration with a
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different curve for each liquor. Typical results are given in the publication (Zaman and Fricke,
1994).
Summarizing, equation (12.3.6) is not useful for correlating viscosity with respect to

temperature and concentration. Equation (12.3.7) can be used for high precision with a total of

five constants, two that vary only with species, but three that vary from liquor to liquor for the
same species. Even though this equation is very precise, it would be very difficult and complex to
attempt to use it to develop relations between pulping conditions and viscosity.

Equations (12.3.4) and (12.3.5) and their alternate forms for absolute reduced viscosity
combine the effects of temperature and concentration, and have long been applied successfully to
dilute polymer solutions (Billmeyer). Using the same data as used in the evaluation of the
activation energy and free volume theory models, we correlated the data using equations (12.3.4)

and (12.3.5). It was found that a two constant equation:
fn(vy)=a, (E) + az(i)z (12.3.8)
T T

correlated all of the data for any one liquor with little loss of precision (R2 > 0.997). Since this is
simpler and combines the effects of temperature and solids using only two constants, it was chosen
as the model to be used for correlation of viscosity with pulping conditions. It should be pointed
out that both aj and aj varied significantly from liquor to liquor for the same species.

Viscosities at concentrations below 50% solids were measured at temperatures ranging
from 25 to 100°C for the black liquors derived from the circulation digester pulping experiments as
well as for many other black liquors. With the exceptions of liquors derived from carbonate and
semi-chemical pulping, equation (12.3.8) was always successfully used to reduce data for any one
liquor over the entire range of temperature for concentrations up to 50% solids.

Constants for equation (12.3.8) determined for the liquors derived from the circulation
digester pulping experiments were determined and analyzed with respect to pulping conditions and

solids composition. The results were published in: Zaman, A.A. and A.L. Fricke, "Viscosity of
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Softwood Kraft Black Liquors at Low Solids Concentrations: Effects of Solids Content, Degree
of Delignification and Liquor Composition,” Journal Pulp and Paper Sci., 21(4), J119-J126
(1995), which is included as part of this report. Values of aj and aj for equation (12.3.8) were
determined for the liquors made at each pulping condition. Values of the constants for each liquor
are given in Table 12.3.1. As can be seen, the equation with both constants permitted to vary from
liquor to liquor gave a correlation coefficient of 0.997 or better in every case. [~2 T Yl‘ Z,ﬁ; o Ve </ ,

Examination of the plots of equation (12.3.8) for each liquor showed nearly no variation at
values of S/T below about 30 x 10-3. This is a typical behavior for dilute polymer solutions and
led us to attempt recorrelation with a1, which really nearly represents the initial slope, set at a
constant value for all of the liquors, i.e., for all of the liquors made by pulping the same species at
different conditions. The constant, aj, was set at an average value of 466.4°K for these liquors
and ap reevaluated for each liquor. The assumption that aj is a universal constant for liquors from
the same species appears valid, since little precision is lost; the lowest correlation coefficient was
0.992 and only three were below 0.995. Thus, the variation from liquor to liquor of a single
species is reduced to variations in one constant and one can concentrate upon relating this one
constant to the effects of pulping conditions or composition of the liquor solids.

The black liquors derived from the circulation digester experiments are an excellent set to
explore the effects of pulping conditions on the viscosity of black liquors at low solids. In addition
to knowing the pulping conditions for each liquor, the H-factor, the Kappa number and yield of the
pulp, and the quantities of many constituents of the liquor are known. These effects were explored
semi-quantitatively in the study reported in the publication.

The Kappa number is an arbitrary measurement of the lignin remaining in the pulp (the
lower the Kappa number, the greater the delignification). As shown in the publication, the reduced
viscosity at a particular temperature and solids concentration tends to be a maximum at intermediate
Kappa number. This is attributed to the presence of substantial amounts of higher molecular

weight lignin in the liquor under these circumstances. It is worth noting that the reduced viscosity

always is less as the sulfidity is increased and that reduced viscosity appears to continuously



337

L66°0 191 666°0 VLI (44 Y4
$66°0 £81 L66°0 oyl 28°L 144
966°0 OLI 666°0 ILT L6’V £T
866°0 081 666°0 SLT £€T°S (44
966°0 54! 666°0 £91 8S°'1 | ¥4
€66°0 154! 6660 0et 8C9 0c
€66°0 231 866°0 8LI1 SC'1 61
L66°0 gLY 866°0 981 (AR 81
€66°0 LI 866°0 091 01’9 LT
866°0 091 666°0 L91 14:383 91
L66°0 £91 6660 12221 £9°V Sl
866°0 £91 666°0 891 £0'v 14!
966°0 IS1 866°0 1474 0g's £l
L6670 £91 8660 CTLI 29'¢ (A}
266°0 121! 866°0 9p1 6v'S I
866°0 V81 666°0 191 0r’L 1]
866°0 ILT 666°0 12211 6S°S 6
L6670 9?1 6660 9¢1 IS°¢ 8
866°0 191 666°0 (4! £8°6 L
966°0 161 866°0 661 L1V 9
866°0 LLY 6660 LI ov'S ¢
L66°0 91 666°0 091 £e's 14
£66°0 vL1 8660 891 LY €
¥66°0 061 666°0 LT S1°9 (4
966°0 91 L66°0 S81 76’1 1
R Mo 99y = Te 2 @D D Tquny Jusurredxy
PIA (73) 10T X Ce -0l X e 0T x1le 1015981 uomR[NOI) |

AJISO3SIA UONBIIUIDUO) MO J0J (8°€'Z]) uUopenby JoJ SJULISUO) JO SoN[BA

paxyy Te Jnoyys pue s ‘sionbr yoelg suld yse|s jo

I°€°CI 3lqelL




346

increase with decreasing Kappa number at low sulfidity and effective alkali. This is in qualitative
agreement with earlier work.

If it is assumed that delignification is a first order reaction, the H-factor (Vroom, 1957) can
be used to characterize delignification. The trends in reduced viscosity with H-factor are discussed

in the publication. It is clear that viscosity is a maximum at intermediate H-factors where the solids

fraction contains the highest concentration of lignin and where the lignin molecular weight is
highest. Since there is a linear relationship between .pulp yield and Kappa number, the reduced
viscosity also passes through a maximum with respect to pulp yield.

The effects of lignin weight average molecular weight and lignin fraction of the liquor
solids are examined independently. As discussed in the publication, reduced viscosity at higher
solids generally increases linearly with increase in both characteristics of the liquor solids.

The effects of concentration of sodium, carbonates, other inorganics, and pH (measured at
approximately 10% solids and 25°C) were also explored. Viscosity decreased with sodium content
and pH, and there are also slight decreases in viscosity with increases in carbonates or other
inorganics. A more complete discussion is given in the publication.

After completing this initial analysis and after the choice of the most suitable model for
viscosity correlation for a single liquor, we proceeded to modeling the constants for the viscosity
correlations with respect to pulping conditions and liquor solids composition by statistical methods
and response surface analysis of the data for low solids concentration viscosity of the liquors
derived from the circulation digester pulping experiments. These efforts were successful and the
results have been published in: Zaman, A.A. and A.L. Fricke, "Effects of Pulping Conditions and
Black Liquor Composition of Softwood Kraft Black Liquors: Predictive Models," TAPPI Journal,
78(10), 107-119 (1995), which is included as part of this report. In general, correlations were
performed using ap of equation (12.3.8) with aj of equation (12.3.8) fixed at a value of 466.4°K
as the response variable. o ‘> v V] + remoVe <{ ’

The responses of ap to pulping variables (EA, S, t, T) to combined pulping variables (EA,

S, H-factor), and to liquor solids composition factors (lignin, sodium, inorganics, other organics,
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lignin molecular weight) were all developed using linear quadratic models with interactions and
statistical significance tests to identify the statistically significant terms in the same manner as
discussed previously for the correlation for other properties. Full details for this particular study
are given in the publication along with example response surfaces developed using the final
correlations. Pertinent data for composition of the solids is given in Table IIT of the publication
and is also given with circulation digester pulping experiment numbers in Table 12.3.2. The
weight average molecular weights used in this correlation are those determined by HTHPLC using
polysaccharides as standards. These values are given in Tables III of the publication and Table
12.3.2. Now that corrected weight average molecular weights are available from HTHPLC and

MWDs are available, the response with respect to lignin molecular weight should be redetermined.

This will not change the general conclusions on trends; only the values of coefficients for

parameters in the correlations developed.

Analysis of the significance levels of linear, quadratic, and interaction terms, along with
response surface analysis, indicate that the response of viscosity to pulping conditions is highly
non-linear, as can be seem from the examples of surfaces. Depending upon the statistical approach
used, slightly different statistical models for ap were developed, but all of the models relating a to
pulping variables that were the best statistically, no matter the method of search used, involved
nine parameters (ten constants) with adjusted regression coefficients of 0.79 and 0.75,
respectively, for models for four pulping variables (EA, S, t, T) and for three pulping variables
(EA, S, H-factor), respectively.

The recommended relations are:

a, =— 490926526.0 +(13826.0 x t)
+ (2180913.0 x T) — (173150 X S X t)
+ (2154 X S X T) + (179515 X Sx EA X t)
+EAISX SXtXTH—-41XSXEAXxtx T
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- (241504 X T X T) = (60.99 x t X t)

where 12 = 0.87, adjusted r2 = 0.79 (12.3.9)

a, =1603552.0 + (1360.83 X h) — (214.38 X EA X h)
+(482.1x S x S) + (0476 X h x h)
- (0224 x Sx Sx H) — (8453 x EA x EA X S)
+ (10.48 x EA x EA X H) — (0.04 Xx EA X h X h)
where adjusted r2 = 0.75 (12.3.10)

where;

EA =Effective alkali, %

S = Sulfidity, %

t = Time at temperature, min.
T = Temperature, °K

h = H-factor, hrs.

Calculated values for ap and for viscosity should be accurate to within + 6% and + 13% or better
for equation (12.3.8) and to within + 10% and + about 17% or better for equation (12.3.8).

The same techniques were applied with respect to the liquor composition. The variables
considered were lignin molecular weight, lignin concentration, inorganics concentration, and
sodium concentration. Note that carbonate concentration, concentration of other organics, and pH
are not included. Carbonate concentration is quite low for all of the liquors and tends to follow
sodium, since carbonate was set at a level corresponding to 85% causticizing efficiency in the
white liquor. pH tended to follow sodium. Other organics are not independent if lignin and

inorganics or specified.
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The model developed for ap response with respect to the four liquor composition variables

also contains nine parameters (ten constants). The best correlation developed is:

a, =2331959.0 - (1327.75 x X))
— (258143870.0 x X,) + (69528231.0 X X,)
+ (11663.0 X X; x X;) + (1569590311.0 x X, x X,)
+ (772360 X X, x X, X X,) — (469639 x X, X X, X X, x X,)
= (0036 X X; x X) — (531279901.0 x X, x X,)

where 12 = 0.85, adjusted r2 = 0.8 (12.3.11)

where:

X1 =Lignin molecular weight
X2 = Inorganics concentration, g/g
X3 = Sodium concentration, g/g

X4 = Lignin concentration, g/g

The equation can be used to predict ap with an accuracy of 7% or better.
Non-linear search procedures were then used to try to determine simpler non-linear models
that would predict ap with equal or greater accuracy. This was reasonably well accomplished and

yielded the following recommended models:

a, = 0.272T>P{O012g-00712p A -026% (12.3.12)

a, =1.91 X 10°—13.74(log, H)EAX9%5"74 (12.3.13)
2 e
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a, =11.165 (M, ) ¥ OO 003Ny 0308 (12.3.14)
(excluding carbonates)
a, =11.042 (M, ) 12LP0%60019N 034 (12.3.15)
(including carbonates)

with accuracies for a of + 8%, + 9%, +8%, and + 8%, for equations (12.3.12), (12.3.13),
(12.3.14), and (12.3.15), respectively. These will predict viscosity within about = 17% or better

at all conditions.

12.4 Rheological Behavior at High (> 50%) Solids Concentration

The rheological behavior of black liquors at solids concentrations above 50% is a major
factor affecting high solids concentration and firing of black liquors. This behavior is also highly
complex. The complexity is to be expected due to the complex nature of the mixture and due to the
changes that have been shown to take place in other liquor properties as the concentration is
increased.

The first viscosity measurements at solids concentration above 50% were made by Marton
(1971). Using a wide variety of viscometers (most of which were designed for study of polymeric
fluids), Ghalke and Veeramani (1977), Oye et al. (1977), Herrick et al. (1979), Kim (1980),
Wight et al. (1981), Sandquist (1981, 1983), Stenuff and Agarwal (1981), Co et al. (1982), Small
(1984, 1985), Wight (1985), Kim et al. (1981), Soderhjelm (1986, 1988, 1992), Stevens (1987),
Janson and Soderhjelm (1988), Wennberg (1985, 1989), and Milanova and Dorris (1989) have
reported viscosity data at solids concentration up to 75% solids and at temperatures up to 120°C.
Results of most of this work are highly suspect, because black liquor viscosity is now known to be
very dependent upon temperature and behavior is known to be non-Newtonian. Most past

workers considered neither of the effects.
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Kim (1980) was the first to consider high solids concentration black liquor to be a non-
Newtonian fluid. He found kraft softwood black liquors to be pseudoplastic. Following his
work, other investigators began to consider the effects of shear rate on viscosity. Small (1984)
and Wight (1985) made extensive studies of temperature control of a number of viscometers and
recommended revisions for the controls of these instruments to permit precise measurements for
black liquors. Small (1984, 1985) also demonstrated that black liquor viscosity decreases rapidly
with time when the liquor is held at high temperature and high solids concentrations. Following
Small, this effect was also reported for other liquors by Soderhjelm (1986, 1988). For these
reasons, most of the data reported before 1988 is highly suspect. Exceptions probably are the
results reported by Kim (1980), Small (1984, 1985), Wight (1985), and Stevens (1987).

In all cases, except three, the non-Newtonian behavior of black liquor was either ignored or
the fluid was determined to be pseudoplastic. Soderhjelm (1986, 1988) and Wennberg (1989)
reported thixotropic behavior for highly viscous hardwood black liquors which was attributed to
presence of higher molecular weight hemi-cellulose derivatives and their association with lignin.
This has never been observed for softwood black liquors nor observed for hardwood black liquors
in other studies.

The decrease of viscosity with time studied by Small (1984, 1985) and Soderhjelm (1986,
1988) is an irreversible change that Small attributed to degradation of the lignin. Estimates of the
effects of such degradation, based on calculations of chain scission, were made by Fricke (1987).

The most extensive data had been reported by Kim (1980), Wight (1985), and Small
(1985, 1986). The data and methods of data were also reported and summarized by Fricke (1983,
1985, 1987). Kim (1980) demonstrated that the lower limiting viscosity (zero shear rate viscosity)
could be determined by proper extrapolation of capillary viscometer data. He also demonstrated
that data taken with multiple length capillaries could be treated so as to determine viscosity free of
end effects from capillary data. Finally, he was able to show that the zero shear rate viscosity
nearly, but not quite, fitted an Arhennius relationship at solids concentrations from about 55 to

75% solids.
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Wight (1985) reported extensive data for direct measurement of viscosity at low shear rates
using a parallel plate viscometer. (It is worth noting that Wight determined that cone-and-plate
viscometers gave inconsistent and erroneous measurements of viscosity of black liquors). Wight
combined measurements of viscosity from parallel plate and capillary instruments into one
viscosity vs. shear rate curve to demonstrate that the measurements made with different geometries
agreed. He then normalized the curve by dividing each viscosity, 1, by the zero shear rate
viscosity, T, to obtain the reduced viscosity, 1/n,. He then demonstrated that such curves for
each temperature could be superimposed by superposition principles developed for polymers to
yield one curve for a single liquor at fixed concentration that was valid for all temperatures and
shear rates. Moreover, the shift factor function, 'aT, developed from superimposing the curves
behaved as expected from polymer theory. This has two important consequences. It permits one
to reduce the amount of data necessary to describe the liquor behavior and it confirms that black
liquors behave as polymer solutions in this concentration range. These results were reported by
Wight (1985) and by Fricke (1983, 1985).

Wight (1985) was also the first to conduct viscoelastic studies of black liquors. He studied
two black liquors, and applied principles developed for polymers to superimpose data for constant
concentrations for storage modulus and the real component of the complex viscosity. These results
were also reported by Fricke (1983, 1985, 1987).

The high solids concentration steady shear behavior of three kraft black liquors selected
from a pulping study of Slash Pine was thoroughly investigated by Stevens (1987). In all cases,
the temperature superposition of data for a liquor at constant solids was successful. Stevens then
successfully superimposed these curves for a liquor to a single curve for a liquor, demonstrating
that effects of concentration were a smooth function. Even though the shift factor for this second
superposition was purely empirical, it was an important step forward that led to further
developments. This development was reported by Fricke (1987).

The most extensive and precise studies of rheological behavior have been made in this

present program [Small (1983), Stevens (1987), Zaman (1992), Zaman and Fricke (1991, 1994,
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1995, 1995, 1995, 1996), Fricke (1990, 1993, 1997)] and in its predecessor [Wight (1985), Co et
al. (1982), Small (1984), Kim (1982), Fricke (1983, 1985, 1987)]. These were the first to show
non-Newtonian behavior, investigate viscosity at high temperatures, study viscoelastic behavior,
define instrument requirements for precise data collection, successfully measure viscosity over a
broad range of shear rates, and successfully apply data reduction and superposition principles
developed for polymers to the rtheology of black liquors. Other investigators quickly adapted these
developments to their studies. A review of these developments and their consequences is given in
the publication by Zaman and Fricke (1991) that is included in section 12.3 of this report and in
even more detail elsewhere (Zaman, 1992).

The results show that the study of rheology of black liquors can be divided into four parts.

These are:
1. Determination and correlation of zero shear rate viscosity
2. Superposition of steady shear rate viscosity for temperature and concentration

3. Simplification of superposition of steady shear rate viscosity by proper application
of polymeric theories

4, Viscoelastic studies

This has been accomplished in a systematic fashion in this program for extensive data for the kraft
black liquors derived from the circulation digester pulping experiment as well as for a number of
mill liquors. All kraft liquors studied have behaved quantitatively in exactly the same manner,
except for those in which significant precipitation or separation of a second phase occurred. If this
happened, it always occurred at 47-55% solids. Except for liquors from carbonate or semi-
chemical pulping, liquors from other pulping processes behaved very much like kraft liquors.
Both carbonate and semi-chemical pulps exhibited the onset of non-Newtonian behavior at lower

solids as expected, since the first second order thermodynamic transition for these liquors

occurred at much lower solids concentrations.
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12.4.1 Zero Shear Rate Viscosity
Determination and data reduction of zero shear rate viscosity measurements at high solids is
important for a number of reasons. The shear rate limits below which a black liquor behaves as a

Newtonian fluid (the zero shear rate region) decreases with increase in solids concentration and

with decrease in temperature. Viscosities for most black liquors at normal processing temperature
(100-130°C) and present processing solids concentrations (up to 75% solids) have been shown to
exhibit little or no non-Newtonian effects at shear rates below about 800 sec-l. Therefore, at
present processing conditions for most mills, zero shear rate viscosity is adequate to describe
operating expectations. The zero shear rate viscosity is a fundamental parameter that should be the
simplest to relate to the liquor solids composition. Finally, the zero shear rate viscosity is a
normalizing factor for models for non-Newtonian behavior that can be used to simplify description
of non-Newtonian behavior.

Although this should be the simplest of the parameters to correlate for high solids rheology
of black liquors, behavior is still complex as will be described. Also, full exploration of the zero
shear rate viscosity of a black liquor from about 55 to 85% solids and temperatures ranging from
60 to 130-140°C requires from 400 to 800 individual tests! Our first objective, therefore, was to
determine zero shear rate experimentally over broad ranges for one of our liquors derived from the
circulation digester pulping experiments and for a softwood mill liquor for comparison. This was
done using data taken with multiple instruments as described by Wight (1985). Full details are
given by Zaman (1992). The results of this initial study are presented in the publication: Zaman,
A.A. and A.L. Fricke, "Viscosity of Black Liquor up to 130°C and 84% Solids," Forest Products
Symposium, AIChE Proceedings, 59-77 (1991) that is included in section 12.3 as part of this
report.

The behavior of these liquors, and their similarities, are clearly shown by the data presented
in the publication. An extensive search was made for a correlation for combined reduction of the
effects of temperature and solids concentration on the zero shear rate viscosity of a black liquor.

One should note that the correlation for low solids viscosity does not apply, since the liquor can no
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longer be considered to be a water solution. There was essentially no guidance from past work
with these or other complex fluids. Generally, the search was conducted by examining functions
that could bear some relationship to the ratio of liquor solids to water. This search led to the

development of:

X = (i)l 12.4.1.1)
S+1T

where:

S = Solids mass fraction
T = Absolute temperature

X = Correlating function

as the most satisfactory function. It must be emphasized that this is empirical, but it has since
proven to be successful when applied to many liquors. Later, more fundamental approaches will

be discussed. Using the empirical function for correlation, we found that a power series of X:

a S V1T & o,
1 = dl—1=1 = X! 12.4.1.
og 1M, Za.[(sﬂ),r] Ya (12.4.1.2)

i=o i=o
where:

Mo = Zero shear rate viscosity
X = Correlating function

aj = Constants
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with n = 2 (three constants) could be used to correlate zero shear rate viscosities for these liquors
with correlation coefficients of 0.994 or better. As shown in the publication, this correlated zero
shear rate viscosity data for a liquor at all solids concentrations and temperatures over a range of
viscosity of gix orders of magnitude or more. However, the constants for equation (12.4.1.2) all
varied from liquor to liquor. This means that , for a universal correlation of zero shear rate
viscosity with temperature, solids concentration, and pulping conditions, correlations for three
constants would have to be developed (rather than for one as required for low solids concentration
viscosity).

Further experimental and correlating efforts are described in the publication: Zaman, A.A.
and A.L., Fricke, "Newtonian Viscosity of High Solids Kraft Black Liquors: Effects of
Temperature and Solids Concentrations," I&EC Research, 33(2), 428-435 (1994). Equation
(12.4.1.2) was used successfully as a reduction correlating function for four additional liquors.
The correlation plots for these liquors are presented (see Figure 11 of the publication) for
comparison. Obviously, there is a large variation due to pulping conditions (liquor solids
composition). Comparison of experimental values of Mo with calculated values based on
correlation with equation (12.4.1.2) is made in Table 6 of the publication. The correlations were

used to estimate 1o with maximum error of about & 20%. When one considers that the correlation

vyt
reﬂ’lol/ﬂdlr

Data presented in both publications indicate that the zero shear rate viscosity does not

applies over six orders of magnitude or more, +20% is quite acceptable. V*e,‘o

follow an Arhennius relation over broad temperature ranges and that this departure becomes larger
with increasing solids concentration. Also, the activation energy for viscosity increased markedly
with increasing solids. Finally, the effect of solids concentration on zero shear rate viscosity is
yery large at lower temperatures.

Even though the reducing correlation expressed by equation (12.4.1.2) proved to be
successful, a more fundamentally based correlation was sought. Free volume theory has been

used successfully for polymers and polymer solutions. Wennberg (1985) used free volume theory
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to model liquor viscosity. With this theory, Newtonian viscosity of liquids and polymers can be

described by:

T-T.

(4]

n,=A CXP[ 21, ] (12.4.1.3)

where:

MNo = Zero shear rate viscosity

T = Absolute temperature

To = Temperature at which free volume is zero
A = Constant

B = Constant related to the barrier to rotation of chain bonds

The theory of reaction rates leads to:
1N, = Aexp[E/RT] (12.4.1.4)
where:

No= Zero shear rate viscosity
T = Absolute temperature

A = Constant

R = Gas constant

E = Activation energy for flow
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Wight et al. (1981) and Fricke (1985, 1987) used equation (12.4.1.4) successfully for liquor
viscosities for narrow ranges of temperature. Wennberg (1985) and Soderhjelm (1986) used
equation (12.4.1.4) for black liquors for broader temperature ranges by substituting TX for T in
equation (12.4.1.4) where x was an adjustable constant with no theoretical basis.

‘When plots of log 1o versus 1/T are non-linear, many workers have used a combination of

activation energy and free volume models with success for polymers. The expression used with

the most success has been:

B CT
= AT exp| = + —-2 12.4.1.5
Mo CXP[T T_T ] ( )

o
where:

B =Ev/R

Ey = Activation energy for flow at constant volume

and other quantities are defined as before. Ty is an adjustable parameter and is related to the glass
transition temperature (Ferry, 1980).

Glass transition phenomena had been studied by Massee (1984, 1986) and Fricke (1985)
using differential scanning calorimetry (DSC) methods. Additional work with lignins and liquors
was done in this program (Schmidl, 1992). The glass transition temperature, TG, was measured
as a function of solids concentration for the four liquors used for model development. There is
some difference in Tg for these liquors at any given solids concentration, but the difference is not
large considering the substantial differences in solids characteristics represented by these four
liquors. However, at this point, it was best to use the TG versus solids concentration relation

determined for each liquor to define Tg. The value of To normally used in polymer work is
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usually 1.3 Tg < To < 1.4 Tg. T, was permitted to vary, proportional to Tg, in our work. Best
results were obtained with Ty = 1.3, which agrees with polymer work.

Zero shear rate viscosity data for the four liquors with very different liquor solids
characteristics were correlated with equation (12.4.1.5) using non-linear regression methods. The
resulting correlations reproduced the data with correlation coefficients of 0.999 or better. The
constant B in equation (12.4.1.5) must be positive and should increase with increasing solids
concentration. The constants A and B can be functions of concentration, but should not vary from
liquor to liquor from the same species and pulping process, since these should be dependent only
on the type and concentration of polymer. The constant C (the constant related to barriers to
rotation of the polymer) can be markedly affected by the other components in the liquor solids.

Every parameter of this model behaved as predicted. T, was approximately 1.3 Tg. The

constant A was determined to be of the form:

A =exp[a, +b,,] (12.4.1.6)

and the equation for A for the Slash Pine liquors was determined to be:

A =exp[11.824-52.856 S] (12.4.1.7)

When the data were recorrelated with A fixed as given by equation (12.4.1.7) to determine
new values for B and C as a function of concentration for each liquor, the relation for B that was

found to be best was:

B=a,b, S . (124.18)
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Tests with four very diverse liquors showed that differences in B from liquor to liquor at any given

solids concentration were small, and one could assume that these differences were negligible as
expected from the theory.

The constant C varies markedly from liquor to liquor as expected. Also, its relationship to
concentration is non-linear and a maximum occurs between about 60 and 70% solids. This very
well may be related to the same changes causing abrupt changes in boiling point rise and density
and maxima in heat capacity at constant solids. It is suggested that the constant C could be fitted
with a parabola for each liquor. It is also worth noting that C is low and nearly constant for the
liquor having the lowest concentration of lignin and the highest concentration of inorganics in the
liquor solids.

The model represented by equation (12.4.1.5) includes the effects of both solids and
temperature implicitly. To, B and A all vary with solids concentration. We believe that To, B, and
A can be considered to be independent of pulping conditions for liquors made from the same wood
with very little loss of precision. To evaluate these three parameters that vary with solids
concentration, Tg must be determined as a function of concentration and four constants must be
determined to define A and B. Then, for each individual liquor, a total of three constants must be
determined to define C. Overall, this is a nine constant model. However, as has been pointed out,
six are dependent only on species and type of pulping process. Once these are determined, it is
conceivable that the constants for C can be defined for a specific liquor from measurements at five
to six conditions.

Both models [equation (12.4.1.2) and equation (12.4.1.5)] can be used to estimate zero
shear rate viscosity to within & 20% or better. When the model given by equation (12.4.1.5) is
used with specific data for Tg and with adjustable values for a3 and by in equation (12.4.1.8).
Viscosity can be estimated to within + 5% for the liquor.

In summary, the empirical model [equation (12.4.1.2)] is more practical, less time
consuming, and easier to use for correlation for a single liquor. The fundamental model [equation

(12.4.1.5)] is undoubtedly better for developing a generalized correlation for a family of liquors
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originating from one species and a given pulping process. However, it would still require

generalized correlation of three constants to define C in equation (12.1.4.5).

A further study of zero shear rate viscosity at high solids concentrations was conducted
with the liquors derived from the circulation digester pulping experiment to try to determine the
effects of different characteristics of the liquor solids on zero shear rate viscosity. Effects
examined were degree of delignification, H-factor, lignin concentration and molecular weight,
sodium, chloride, and carbonate concentrations, organic/inorganic ratio, and pH (measured at
about 10% solids). The results of this work have been published in: Zaman, A.A. and A.L.
Fricke, "Effect of Pulping Conditions and Black Liquor Composition on Newtonian Viscosity of
High Solids Kraft Black Liquors," I&EC Research, 35(2), 590-597 (1996), which is included as
part of this report. re F rih 1 r@mOVexi/'

There has been other recent work reported on aspects of compositional effects on viscosity.
These include work by Soderhjelm et al. (1992), Soderhjelm and Sagfors (1992), Tiu gt al.
(1993), and Li (1991). In general, these works qualitatively show polysaccharides (if present) can
increase viscosity rapidly with increasing solids concentration and that viscosity is affected by
degree of delignification, lignin molecular weight and concentration, is higher for liquors from
high yield pulping at low sulfidity, and is affected by carbonate concentration.

The Newtonian viscosities of 25 different liquors were determined as a function of solids
and temperature at high solids concentrations from 50 to 85% solids and 40 to 140°C using a
minimum of data for each liquor and correlating data for each liquor using equation (12.4.1.5).
The pulping conditions, cook code number, H-factor, Kappa number, lignin concentration, and
molecular weight determined by HTHPLC using polysaccharide standards are given in Table 1 of
the publication. Other analyses are given elsewhere in the report and can be determined by
comparing pulping conditions. Examples of the results of the correlations are given in the
publication. Figures 1 and 2 demonstrate typical behavior for the effect of solids concentration at
different temperatures for two distinctly different liquors. It is obvious that zero shear rate

viscosity in the region of 55 to 80% solids concentration is a linear function of solids at constant
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temperature over a wide temperature range. As can be seen, zero shear rate viscosity varies about
1.5 orders of magnitude at 120°C for an increase in solids concentration from 55 to 80%! Figure 3

in the publication illustrz{tes the range of correlations for the different Slash Pine black liquors. At
/
80% solids concentration and 120°C [(S /S+1)x % =1.13X% 10‘3], viscosities can range from 0.95

to 13 Pa-sec (950 to 13,000 cp). Obviously, variations in liquors have significant effects on zero
shear rate viscosity.

For comparison of effects, zero shear rate viscosities were estimated from the correlations
for each liquor at.80% solids and 120°C. The effects of various factors were evaluated from these
estimates. Most of the responses are quite complex. Details are given in the publication.

In general, viscosity was always a maximum at intermediate Kappa numbers. The location
of the maxima varies with effective alkali and sulfidity. At fixed sulfidity, viscosity decreases with
effective alkali. At low Kappa number, viscosity decreases with sulfidity at constant effective
alkali. At high Kappa number, it increases with increased sulfidity at constant effective alkali.
This, in general, agrees with observations of the effects of pulping conditions on lignin molecular
weight and concentration.

Variations with H-factor were examined. Figure 5 in the publication shows the result. At
high effective alkali and sulfidity, viscosity decreases rapidly with H-factor, but increases at low
effective alkali and high sulfidity. At low sulfidity, viscosity is a maximum at intermediate Kappa
numbers. Explanations for this behavior are given in the publication.

In general, viscosity was always a maximum at intermediate Kappa numbers. The location
of the maxima varies with effective alkali and sulfidity. At fixed sulfidity, viscosity decreases with
effective alkali. At low Kappa number, viscosity decreases with sulfidity at constant effective
alkali. At high Kappa number, it increases with increased sulfidity at constant effective alkali.
This, in general, agrees with observations of the effects of pulping conditions on lignin molecular
weight and concentration.

Variations with H-factor were examined. Figure 5 in the publication shows the result. At

high effective alkali and sulfidity, viscosity decreases rapidly with H-factor, but increases at low
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effective alkali and high sulfidity. Atlow sulfidity, viscosity is a maximum at intermediate Kappa
numbers. Explanations for this behavior are given in the publication.

Liquor compositional factors weré also examined. Liquor viscosity always increased
monotonically with lignin concentration and hgmn molecular weight, as expected, but the rate of
increase at fixed sulfidity and effective alkali varied from combination to combination of the
variables. Reasons for the differences are discussed in the publication.

The influences of organic/inorganic ratio, sodium, chloride, sulfite, and carbonate ions,
and pH were examined. Responses are complex, but all of these are shown to affect viscosity.
Sodium ion concentration always decreases viscosity, usually substantially. Although the
concentration range is very limited, viscosity generally decreases with increasing chloride ion
concentration. The response for sulfite ion concentration is complex and the concentration range is
limited, but viscosity generally increases with increasing sulfite ion concentration. Carbonates
appear to decrease viscosity, except at low pulping chemical levels. Generally, viscosity decreases
with increasing pH and decreases dramatically with increasing pH at high levels of cooking
chemicals.

Obviously, even zero shear rate viscosity behavior at high solids concentrations is
extremely complex. We have been successful in developing data reduction correlations, one of
which is soundly based on polymer theory and practice, that can be used to correlate data for a
liquor over more than six orders of magnitude. We have used these to reduce viscosity data for a
system of liquors for which pulping conditions and solids composition are known. Using
calculated values at fixed conditions for each liquor, we have examined the effects of a number of
pulping responses and solids composition factors. These responses are in general agreement with
other work and with our other analyses. However, the complexity of the overall response is so
great that we have been unable to develop the same types of generalized correlations that have been

developed for other properties.
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12.4.2. Non-Newtonian Viscosity

Kim (1980, 1981), Wight (1985), Stevens (1987), and Fricke (1985, 1987) had

previously shown that superposition principles developed for polymers can be applied successfully

to black liquors at constant solids composition. This procedure is applied to normalized viscosity

(11/ no) to superimpose data at different temperatures according to:

log[n/n,] =Y a;[log a,7]

i=o
where:

1 = Viscosity

Mo = Zero shear rate viscosity at the same temperature
v Shearrate -

aT = Shift factor = f(T,p)

T = Temperature

p = Density
a; = Constants
and the shift factor is defined as:
ap = ﬂo'or P
n.Ip

where;

To = Reference temperature

Ns,p° = Zero shear rate viscosity and density at the reference temperature

(12.4.2.1)

(12.4.2.2)
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For polymer melts, T, is a constant and p° = p. With these assumptions, the shift factor

reduces to:

2= 1:]2 ' (12.4.2.3)

This has been applied successfully to experimental and mill liquors. As described in the
publication entitled: "Viscosity of Black Liquors up to 130°C and 84% Solids" that is included in
section 12.2, the shift factor, aT, is a non-linear function of temperature and varies with solids
concentration. Examples of the success of temperature superposition for a liquor at constant solids
concentration are given in the publication (Figures 24 and 25). The shift factor is different for each
solids concentration. Typical results are shown in Figure 26 of the publication. Stevens (1987)
and Fricke (1987) proposed that curves that had been superimposed with respect to temperature at
constant solids could be superimposed by using a shift factor for solids. This was done
successfully. We have used this procedure for experimental and mill liquors successfully.
Examples for a mill and an experimental liquor are shown in Figures 27 and 28 of the publication.
In these cases, all normalized viscosity data for a liquor are superimposed to one curve. To
calculate a viscosity at a particular set of conditions (T, ¥, % solids), the process is reversed as
explained in the publication. For black liquors, three constant polynomials are necessary for the

shift factors as:

a,=A+B/T+C/T? (12.4.2.4)

and

ag=a+b/S+c/S? (12.4.2.5)
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where:

aT = Temperature shift factor
ag = Solids concentration shift factor
T = Absolute temperature

S = solids mass fraction

This leads to:

log[n/n,] =iai[1og(aTas~'y)] (12.4.2.6)

i=o

as the final correlating equation with n = 2 (three constants).
A number of models have been used to relate viscosity to shear rate for pseudoplastic

(shear thinning) fluids. The simplest is the so called Power Law model which is:
N =nmy®™? (12.4.2.7)
where:
1 = Viscosity
v = Shear rate
m, n = Constants
and m is a measure of the consistency of the fluid and n is a measure of the degree of non-

Newtonian behavior. This was used by Kim (1980, 1981) for black liquors at higher shear rates.
It is useful only in describing the linear region of a plot of log 1 versus log .
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Other models have been proposed as generalized power law models capable of fitting the
shape of viscosity-shear rate curves over the entire range of shear rate. Two models that have been
successfully used are the Cross (1965) model and the Carreau-Yaseda (1972, 1979) model. The

Cross model is expressed as:

n-mn. 1
= 12.4.2.8
MM [1+(A9)"] ( )

where;

1 = Viscosity
Mo = Zero shear rate viscosity

1.. = Asymptotic value of viscosity at very high shear rates
v = Shear rate
A = Parameter with dimension of time

m = Constant related to the flow index

If m.. is assumed to be (or is) negligibly small, this reduces to:

1

n
= — (12.4.2.9)
Mo [1+()7]
The Carreau-Yaseda model is expressed as:
- n-l
A 14+ (09)] (12.4.2.9)

L P ™

which reduces to:
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n-1

m, =[t+(a) | (12.4.2.10)

when 1, is negligibly small. This is a three constant model while the Cross model is a two
constant model; however, the constants are more closely identified with characteristics of the
curve. 1/A is equal to the shear rate at which viscosity begins to decrease (the limit of the zero
shear rate viscosity region) and (n-1) is the slope of the power law region. The constant a permits
adjustment of the breadth of the region between zero shear rate viscosity and power law viscosity
regions. This flexibility can be sacrificed by setting a = 2 to reduce the model to a two constant
model, and this is successful in many cases. One should note that 1 must also be determined.
These models can be applied to the universal curves developed by superposition as well as
to individual curves of reduced viscosity versus shear rate. These models have been applied to
data for black liquors in this program and results of the work have been published in: Zaman,
A.A. and A.L. Fricke, "Steady Shear Flow Properties of High Solids Softwood Kraft Black
Liquors: Effects of Temperature, Solids Concentration, Lignin Molecular Weight, and Shear
Rate," Chem. Eng, Comm., 139, 201-221 (1995), which is included as part of this report, and in
that summary publication: Zaman, A.A. and A.L. Fricke, "Kraft Black Liquor Rheological

Behavior with Respect to Solids Concentration, Temperature, and Shear Rate," AIChE Symp.

Series, Advances in Pulp and Papermaking, 91(307), 162-171 (1995) that is also included as part
of this report. r‘erﬂ\('n“/‘s e /o VQQ/.

All three models for pseudoplastic behavior were applied successfully to reduced viscosity
data over appropriate ranges of shear rate for black liquors derived from the circulation digester
pulping experiments. Examples of results for three selected liquors are given in detail in the
publication. Zero shear rate viscosity data were correlated successfully by both the empirical and

the combined activation energy-free volume models discussed earlier. Letting 1o be an adjustable
constant, we also correlated all of the viscosity data for a number of liquors. The values of N

determined directly from the Cross and Carreau-yaseda models were in very close agreement with
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values of 1], for these liquors that were determined by using the models for 1 discussed earlier.
This demonstrates that the Newtonian behavior at conditions of low shear rate and the non-
Newtonian behavior at high shear rate can be correlated separately and the results can then be
combined.

The cumbersome two step superposition piocess (superimpose curves at constant solids
concentration and different temperatures to obtain curves universal in temperature, then
superimpose universal temperature curves at different solids concentrations to obtain one curve
universal in temperature and solids concentrations with two concomitant shifting functions)
originally developed by Steverils (1987) and reported by Fricke (1990, 1993) was shown to apply
to these liquors, but a simpler and less empirical superposition method was sought.

We are essentially dealing with a polymer-diluent system at high solids concentrations.

Williams et al. (1955) hgd shown that superposition could incorporate the effects of concentration

if the reference temperature, Ty, in the shift factor relation:

n,T,p
=D P 12.4.2.11
TP ( )

were permitted to vary with concentration. Theoretically, To should be the glass transition

temperature. However, if Tg is used for Ty, a value for zero shear rate viscosity at that

temperature, 1., must be determined. This is virtually impossible. To remedy this, Williams

proposed setting To at a value that is a constant difference above the Tg and denoted this

temperature as Ts. Thus:

T,=T,+d (12.4.2.12)

where:

Ts = Reference temperature for superposition
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Tg = Glass transition temperature, [T = f(concentration)]

d = Constant

Williams found, that if Ts were set such that:
1.3Tg<Ts<14Tg

and if Tg were determined as a function of concentration, viscosity data for a concentrated polymer
solution could be superimposed in one step to yield a universal curve for reduced viscosity versus
shear rate.

A given liquor is a concentrated polymer solution at high solids concentration and Tg can
be determined as a function of solids concentration for the liquor. Using the approach of Williams
et al., we developed universal curves successfully for a number of liquors by a one-step shifting
process that combines the effects of temperature and solids concentration. In agreement with
Williams, we found 1.3 Tg < Ts < 1.4 Tg to be the most appropriate choice for the reference
temperature. It is worth noting that the factor added to Tg to define Ts only varied from about 75
to about 85°K. At 60% solids concentration, Tg ranges from about 205°K to 218°K for liquors

from pulping the same species at different conditions. The average of the added factor (30°K)

would define Ts within about + 1.7% at worst.

Using Ts, equation (12.4.2.11) is redefined as:

N, TsPs
ag =——"—= (12.4.2.13)
T miTp

where we have denoted the shift factor as agT to indicate that it is derived from a one step
superposition for temperature and solids concentration. Although extensive density data are
available for the liquors used in this program, one cannot expect extensive density data to be

available for any liquor of interest. Also, black liquor viscosity has been shown to vary an average
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of four orders of magnitude for the temperature ranges studied at high solids concentrations and by
an average of about three orders of magnitude with concentration changes from about 55 to 85%
solids. While density of black liquor does vary, it varies by only a fraction of pg. Thus, little
accuracy is sacrificed by assuming p = ps. Equation (12.4.2.13) then becomes:

no S
=_I 12.4.2.14
agr neT ( )

Typical results for applying equation (12.4.2.14) to different black liquors are shown in
Figures 9-12 of the Chem. Eng. Comm. publication. Obviously, the one step superposition
process can be used with black liquors.

Extensive analysis by many researchers of the shift factor results for concentrated polymer
solutions have shown that the shift factor equation can be generalized in terms of glass transition
and free volume behavior. The result is the Williams-Landau-Ferry (WLF) relation that can be

expressed in the form:

—-C,(T-T)

tofag|= (C,+T-T,)

(12.4.2.15)

where Cj is affected by the specific volume and free volume at Tg and C; is affected by the
thermal expansion effects on free volume. Cj and C; values of 8.86 and 101.6 have been reported
for many polymer solutions.

Equation (12.4.2.15) was applied to the shift factors determined from superposition of
reduced viscosity curves for the black liquors and values of C1 and Cp determined. These values
are given for four liquors with very different characteristics in the first publication included in this

subsection of the report. A typical test of the fit of equation (12.4.2.15) is shown in Figure 13 of

the publication. Values determined for C; for black liquors are about four times the value of Cy
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determined for concentrated synthetic polymer solutions while values for Cp are in closer

agreement.

C1 and Cp were set at values of 26,77 and 104.16°K and the data for the liquors
reevaluated by allowing Ty to be adjusted for each liquor. The result is a general shift factor with
one adjustable parameter, Ts, that correlates the data for a number of liquors of the same species
that can be used to estimate the reduced viscosity of a liquor for any concentration, temperature,
and shear rate within about + 20%. Application of these methods can greatly reduce the quantity of
experimental effort necessary to completely describe viscosity behavior of a liquor at high solids

concentration. The second publication included in this subsection of the report, AIChE

Symposium Series Advances in Pulp and Papermaking, presents a good summary of our
!
treatments of black liquor rheology. ye f riy + remove S ;

12.4.3 Viscoelasticity

Firing at very high solids could be affected by viscoelasticity. Previously, only two prior
studies (Wight and Co, 1982, Wight (1985) refer specifically to linear viscoelasticity functions
determined for two softwood kraft black liquors. They determined, based on droplet formation
studies with viscoelastic fluids, that viscoelastic effects should not affect droplet formation at firing
temperatures for liquors with solids concentrations below 75%.

We studied linear viscoelasticity behavior for three liquors derived from the circulation
digester pulping experiment. These liquors were chosen as having different steady shear behavior
at high solids concentration. The results have been published in: Zaman, A.A. and A L. Fricke,
"Viscoelastic Properties of High Solids Softwood Kraft Black Liquors," I&EC Research, 34(1),
382-391 (1995) that is included as part of this report. Full details for measurement are given in the
publication and by Zaman (1992). Fepr | " + e Mmove o .

Direct measurements at firing conditions cat:lot be made, because the water in the liquor is

very volatile at these temperatures. Instead, measurements were made at temperatures below 85°C

for solids concentrations ranging from 61 to 81% solids. Oscillatory methods were used with a
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parallel plate geometry, and the maximum strain amplitude was set so that linear viscoelastic
response was obtained.

Models for viscoelastic fluids were successfully applied to the data for three liquors.
Results are given in the publication. Also, frequency-temperature superposition based on
molecular theories was successful in superimposing curves for different temperatures and constant
solids concentration to yield one curve. The curve as developed can be used to estimate the storage
modulus and the dynamic viscosity at higher temperatures by extrapolation.

A combined shift factor for one step superposition of all curves for one liquor that had been
applied successfully for non-Newtonian steady shear viscosity was not successful, but a two step
process involving superposition for temperature followed by superposition for solids concentration
that is analogous to the method used successfully for non-Newtonian steady shear viscosity was
successfully applied to the data. Although empirical, it permits accurate interpolation and
extrapolation to high temperatures and frequencies (shear rates). Details and results are presented
in the publication.

Often, there is agreement between the values of viscosity determined by steady shear and
oscillatory shear methods. This is the Cox-Merz principle (Cox and Merz, 1958). This principle
was tested for the liquors studied. It was found to be applicable for all three liquors at low shear
rates (1 sec’l) and low frequencies (1 rad/sec) for all temperatures between 40 and 85°C and
applicable over a very wide shear rate or frequency range for all three liquors above about 70°C.
This confirms that the results can be used to predict steady shear data at higher shear rates, and that

oscillatory methods can be used to determine zero shear rate viscosities for steady shear.

Following the methods described by Wight (1985) and Fricke (1987), we estimated the
relative importance of energy storage to viscous dissipation on recovery furnace operation (droplet
formation) at 120°C. On the basis of work done with these liquors, it is clear that viscoelastic
effects are too small to affect droplet formation at 120°C and up to at least 81% solids for a

Southern Softwood liquor with present firing techniques.
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Since a second order transaction is known to occur at about 85% solids that can be
expected to so drastically change the liquor behavior that present firing techniques will be very

unlikely to work, there was no reason to continue viscoelastic studies.
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13.0 OVERVIEW AND GENERAL SUMMARY

This program and its predecessor, "Physical Properties of Kraft Black Liquor," that was
conducted at the University of Maine and the University of Florida have led to a fundamentally
sound rationalization of black liquor behavior over the entire range of solids concentration. An
overview of the developments and advances made in the course of research was prepared and
presented at the International Energy Conference held in Houston, Texas in 1994. The paper:

Fricke, A.L. and A.A. Zaman, "Black Liquor Propertles "In rn ional Ener nferen
Copy'| ighTed - Fe priyt

Houston, Texas, (1994), is included as part of th1s report. The basic principles for research
resmoved
studies, the effects of phase regimes on properties, generalized data reduction methods developed,

summaries of experimental methods and ranges of applications and examples of applications to
specific liquors are all presented in this publication. Developments have been reported in a timely
fashion in four interim reports to the Department of Energy, in many papers presented at
international and national technical meetings, and in reviewed publications in a wide range of
research journals. Twenty-five of the latter are included in toto in this report. For these, written
copyright releases have been obtained for inclusion in this report.

Extensive kraft pulping experiments with one species have been conducted, with ‘and
without control of uniformity of source or time of harvesting of the species. It has been shown
that the effect of lack of control of source or harvest time for the softwood species used introduces
an estimated 4-5% variation in Kappa number and yield. Correlations relating Kappa number and
yield to pulping conditions for Slash Pine were developed and reported. Black liquors produced in
the pulping experiments were used as the basis for detailed analysis, composition characterization,
and properties studies.

Liquor analyses were performed that were used to quantitatively identify more than 80% of
the constituents of black liquors. In addition, pH at about 10% solids, sulfated ash, the fraction of
lignin that could be isolated by acid precipitation and purification, residual active alkali, and

organic/inorganic ratio were determined for each liquor. The molecular weight and molecular
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weight distribution of acid precipitated liquors, to be discussed later, were also determined. All of
these results are reported for the liquors used in this program for properties studies.
Attempts to correlate the concentration of many minor constituents of the liquors with

pulping conditions were unsuccessful. However, these variations in the individual constituents

proved not to have strong effects on properties. In general, solids concentration, lignin
concentration, organic/inorganic ratio were always important. In addition, organics other than
lignin were sometimes important. For rheology, the effects of pH, carbonate concentration, sulfite
concentration, and residual active alkali were also important as well as lignin concentration and
lignin molecular weight.

Extensive studies of lignin concentration and characterization of acid precipitated high
molecular weight lignins were conducted. Factors that could affect analysis of lignin concentration
in black liquor were quantitatively evaluated and the method developed was used to determine
lignin concentration of all liquors. Results for the Slash Pine liquors were successfully correlated
with pulping conditions.

Molecular weight and molecular weight studies of lignins in black liquor were a significant
part of this program. Methods for determining number average molecular weights with corrections
for impurities by VPO were refined and used in this program. Correct methods for determining
weight average molecular weight were refined and determinations made in different solvents were
used to demonstrate conclusively that true weight average molecular weights were determined for
lignins. Methods for size exclusion chromatography to determine molecular weights and molecular
weight distributions were explored extensively, and a reliable and reproducible method was
developed. Disagreement between true weight average molecular weights determined by light
scattering and weight average molecular weights determined from chromatographs using various
monodisperse polymer standards led to studies of intrinsic viscosity as a possible means of
developing a universal standard calibration. These intrinsic viscosity studies demonstrated that

lignins are nearly spherical and not highly solvated in solution; therefore, intrinsic viscosity is not a
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good candidate for characterization of molecular weight nor is a universal calibration for size
exclusion likely to be developed for lignins.

A calibration for lignins for a specific system was developed by recalculation of
chromatograms by moment resolution. Molecular weights determined by size exclusion
chromatography were then in agreement with molecular weights determined by VPO and by light
scattering. This is the first time that moment resolution has been used successfully to calibrate a
size exclusion system for determination of molecular weights. Results showed that distributions of
lignin molecular weights of lignins produced by pulping Slash Pine at different conditions were
highly skewed and usually bimodal; however, the presence and relative position of the higher
molecular weight mode varied markedly with pulping conditions.

Number average molecular weights of lignins produced by pulping Slash Pine were
successfully correlated with pulping conditions with about the same precision as for correlation
with yield and Kappa number. Weight average molecular weight was correlated with pulping
conditions, but the correlation was not as good as that for number average molecular weight. This
was puzzling until final work was completed with size exclusion research, because light scattering
results were more precise that VPO measurements. The reasons for this became clearer when final
size exclusion results were available. Different lignin solubilizing and degradation reactions occur
in pulping, and the effects of these different reactions vary as pulping conditions vary. This leads
to variations in molecular weight distributions and complex responses of weight average molecular
weight to pulping conditions. Four molecular weight averages, number average, weight average,
z-average, and z + I- average molecular weights were determined for acid precipitated lignins from
black liquors produced by pulping Slash Pine at 25 different pulping conditions.

The behavior of black liquors was rationalized in terms of solution characteristics from
determination of phase transition behavior and from application of methods to identify first and
second order thermodynamic transitions. At low solids concentrations, black liquors behave as
dilute polymer solutions, and colligative and corresponding states methods can be used to reduce

and correlate data. At very high solids concentrations, black liquors behave like plasticized glassy
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polymers. In this condition, it is extremely unlikely that black liquors will be processed
successfully with present recovery technology.

All research results were found to agree with this rationalization of black liquor behavior.
Abrupt changes in properties responses confirm this interpretation, and results of thermal studies
were proven to be thermodynamically consistent. All liquors examined behaved as expected,
based on this rationalization. Therefore, methods of data reduction can be expected to be generally
applicable for all black liquors, and trends determined from quantitative correlations with respect to
pulping conditions for Slash Pine pulping can be expected for pulping other species and so for
other types of pulping. These similarities are discussed in the report where appropriate.

Thermal properties were studied extensively. In a number of cases, the first experimental
measurements of specific thermal properties were made. Accurate enthalpy measurements were
reported for the first time, and thermodynamic consistency of our vapor-liquid equilibria and
enthalpic data was demonstrated.’

Heats of combustion were determined for all liquors. Correlations were developed relating
heat of combustion of the Slash Pine liquors to pulp yield, pulping conditions, and liquor solids
composition. Very simple non-linear correlations were developed relating heat of combustion to
pulping conditions and to liquor solids composition. Surprisingly, heat of combustion does not
correlate as an additive function of solids constituents as has generally been assumed.

Density and thermal expansion measurements were made over the entire range of solids
composition. These measurements provided invaluable insight into second order thermodynamic
transitions, as well as providing density information. Methods for data reduction for density data
at low solids concentrations were applied successfully to all black liquors. The densities of the
Slash Pine black liquors were correlated with respect to pulping conditions successfully.
Applications and limitations of the model developed in this program are discussed.

Complete heat capacity data were taken for all Slash Pine black liquors, and these data were
reduced by using the excess heat capacity methods developed in earlier work. A more simplified

data reduction was also developed and applied to these data. The reduced correlation coefficients
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were then correlated with pulping conditions successfully to yield a quantitative model for
prediction of heat capacity of black liquors from the pulping conditions.

A method for measuring the heat of dilution of black liquors accurately was developed, and
the first heats of dilution with concentration data for black liquors were taken. These
measurements, together with the heat capacity measurements discussed earlier, were used to
develop enthalpy-concentration relations and the first true enthalpy-concentration charts for black
liquor.

Heats of dilution were determined for all of the Slash Pine black liquors. A satisfactory
correlating function for these data was determined and applied to data for all Slash Pine black
liquors. The results were correlated with pulping conditions successfully. Therefore, an overall
correlation relating enthalpy-concentration to pulping conditions for Slash Pine has been developed
successfully.

Vapor-liquid equilibria received extensive §tudy. A precise and accurate Rayleigh still was
developed and used to determine vapor pressure equilibria and to determine boiling point at
constant pressure as a function of solids concentration at concentrations up to 85% solids in many
cases. The precision and accuracy of the still were proven from experiments with solutions of
known properties. Data for a black liquor were shown to be thermodynamically consistent with
enthalpic data, considering black liquor to be a binary of water and non-volatile black liquor solids.
Of course, vapor-liquid equilibria varied with pulping conditions. The still performance proved to
be sufficiently sensitive to indicate occurrences of solid precipitation from a liquor during
concentration. No solids precipitation was evident for the Slash Pine liquors. When it occurred in
kraft liquors from mills, precipitation occurred in the 47-58% solids region.

Data reduction methods based on molality that were used by others to reduce boiling point
elevation data for black liquors at concentrations up to 50% solids were modified and applied to
data taken in this program for solids concentrations up to 85% solids by dividing the concentration
range into two segments and fitting a straight line to each segment. The division between ranges

occurred in the same region where a second order thermodynamic transition was found to occur



475
|

from density data. The upper region exhibited a less rapid increase in boiling point elevation with
increase in concentration. This behavior is in agreement with expectations from consideration that
a maximum in heat capacity occurs in this region, that liquors behave increasingly as non-
Newtonian fluids in this region, and that heat of dilution increases rapidly in this region.

The three constants developed by data reduction for the boiling point elevation of the Slash
Pine black liquors were correlated with respect to pulping conditions successfully to yield a
predictive model relating boiling point elevation of Slash Pine black liquors at all concentrations to
pulping conditions. In general, the behavior of mill liquors from pulping different species by
different pulping processes is similar to the behavior for Slash Pine liquors, if no solids
precipitation occurs.

Rheological behavior proved to be very complex and received a great deal of attention.
Kraft black liquors always behave as Newtonian fluids at solids concentrations below 50%, as is
expected for dilute polymer solutions. Data reduction models based upon colligative properties and
corresponding states and models based upon activation energy and free volume theories were both
successfully applied. Although less fundamental in nature, the model based upon colligative
properties proved to be simpler to relate to pulping conditions and liquor solids composition. Both
linear and simpler non-linear correlations were developed to relate low solids concentration
viscosity of Slash Pine black liquors to pulping conditions and liquor solids composition. Low
concentration viscosity was found to depend upon lignin concentration, lignin weight average of
molecular weight, inorganic concentration, and sodium concentration. The influence of Kappa
number, H-factor, yield, organics other than lignin, carbonates, other inorganics, and pH at low
solids concentrations on viscosity were also explored and are reported.

Results for high solids concentrations were divided into three studies. Newtonian behavior
at low shear rates, non-Newtonian viscous behavior, and viscoelastic behavior. Rheological
behavior of black liquors at concentrations greater than 50% is extremely complex. Complete
correlation was possible only for Newtonian behavior; however, this correlation is adequate for

description of liquor behavior at processing conditions for most liquors up to 75% solids.
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An empirical series model with a reducing function of [(S/S+1)1/T] was always successful
in reducing data for Newtonian viscosity in this region, and the three constants derived from the

reducing function equation behave in an orderly fashion with respect to changes in pulping

conditions. This data reduction method is recommended for defining the behavior of a single
liquor.

A fundamental model, based upon a combination of activation energy and free volume
theories, was applied successfully to all Slash Pine liquor data. This model involves four
constants that are functions of concentration Of solids composition. Two of these functions for
"constants" were found to be universal for all liquors derived from the same species when pulped
in the same process. The third was found to ’vary slightly with solids composition, but was
defined by the glass transition depression resulting from decrease in solids concentration, as
predicted by theory. The fourth reflected the effects of solids composition as expected. If the
universal functions were to be previously known and the glass transition depression known, the
last functional relation for the last "constant” could be determined from an estimated five or six
individual measurements. The completed model could then be used to predict Newtonian viscosity
of the liquor at all temperatures and concentrations.

Either model, if used to develop a total model to estimate Newtonian viscosity at high

solids concentrations of liquors derived from a single species would require correlation of three
constants with respect to pulping conditions. This has not been done. However, the effects of
pulping conditions, Kappa number, H-factor, lignin concentration, lignin molecular weight,
organics/inorganic ratio, sodium, chloride, sulfite, and carbonate concentrations, and liquor pH
have been quantitatively examined.

Non-Newtonian behavior has been extensively investigated. Models developed for
pseudoplastic behavior of polymer melts and concentrated polymer solutions have been applied to
black liquor data successfully. The models and methods used are described. Superposition

principles and theories developed for polymers and polymer solutions were successfully applied to
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data for black liquors. A generalized superposition function was developed for black liquors and
shown to apply to Slash Pine liquors. This development is thoroughly described in this report.
Viscoelastic measurements were made with selected liquors to define the solid
concentration where this behavior would be important in liquor processing. Studies were made
experimentally at temperatures below 85°C by oscillatory shear experiments. Results showed that
data reduction and superposition methods developed for polymer melts applied equally well to
black liquors at high solids concentrations. Results also showed that the Cox-Merz principle
applied to these liquors at temperatures above 70°C. This principle states that viscosity determined
in oscillatory experiments and viscosity determined in steady shear experiments at a shear rate

equal to the frequency are identical. This permitted us to estimate the relative importance of

viscoelastic effects in steady shear from oscillatory data. Our results demonstrate that viscoelastic
effects are insignificant at 120°C or above for Slash Pine black liquors at concentrations up to 85%
solids. Since present process technology most likely cannot be used at higher concentrations
because of the change in nature of the fluid, no further viscoelastic studies were made.

Overall, this has been a successful program, in our opinion, that has contributed
significantly to the industry, even though all of the objectives in the original proposal were not
accomplished. The most important development are general understanding of liquor behavior that
is fundamentally sound and generally applicable, and development of methods for experimental
determination of liquor properties and lignin characteristics. Generalized correlations have been
developed for many quantities that vary with pulping conditions. Technology transfer has been
actively pursued throughout the program. Four interim technical reports have been submitted to
the Department of Energy, more than 25 reviewed research publications have appeared in research
journals, more than 20 papers have been presented at international or national technical society
meetings or at DOE review meetings, and numerous presentations and seminars have been

conducted at industrial sites and at other universities.
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TECHNOLOGY TRANSFER
Technology transfer has been actively pursued throughout the course of this

program. Five interim reports have been submitted to the US Department of Energy , four
PhD theses available through the services of Dissertation Abstacts, and 29 reviewed
research publications that are reportings of research findings having a direct bearing on
black liquors have appeared in research journals. In addition, five ME reports are filed at
the University of Florida.

The DOE reports, research publications, and titles of PhD theses concerning

results from this program are:

L.

10.

Fricke, A. L., Physical Properties of Kraft Black Liquor: Summary
Report—Phases I and II, DOE Report Nos. AC02-82CE50606 and FG02-
85CE40740, University of Florida, Gainesville, FL. and University of Maine,
Orono, ME, 1987.

Fricke, A. L., A Comprehensive Program to Develop Correlations for the
Physical Properties of Kraft Black Liquors-Interim Report No. 1, Doe Report
No. DOE/CE/40740-T4, (DE 89016404), University of Florida, Gainesville,
FL, 1989.

Fricke, A.L., A Comprehensive Program to Develop Correlations for Physical
Properties of Kraft Black Liquors, Interim Report No. 2, DOE Report No.
DOE/CE/40740-T7, (DE94014503), University of Florida, Gainesville, FL,
1990.

Fricke, A. L., A Comprehensive Program to Develop Correlations for Physical
Properties of Kraft Black Liquors, Interim Report No. 3, DOE Report No.
DOE/CE/40740-T8, (DE95005300), University of Florida, Gainesville, FL,
1993.

Fricke, A. L., A.A. Zaman, Mark O. Stoy, G. Wolfgang Schmidl, D.J. Dong,
and B.Speck, A Comprehensive Program to Develop Correlations for Physical
Properties of Kraft Black Liquors: Final Report-Part I, submitted to DOE,
December, 1997.

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), 1182-1184 (1986) .

Massee,M.A., E. Kiran, and A.L. Fricke, "A Thermodynamic Model of the Heat
Capacity of Compositionally Complex Polymer Solutions: Kraft Black Liquor,"
Chem.Eng. Comm.,50, 81-91 (1987).

Dong, D.J., and Fricke, A.L., "UV-Visible Response of Kraft Lignin in Soft
Wood Black Liquor," Materials Research Society Symposium Proceedings,
197, 77-86 (1991). '
Schmidl,G.W.,D.J.Dong, and A.L. Fricke, "Molecular Weight and Molecular
Weight Distribution of Kraft Lignins," Materials Research Society Symposium
Proceedings, 197, 21-30, (1991).

Zaman,A.A., D.J.Dong, and A.L. Fricke, "Kraft Pulping of Slash Pine," AIChE
1991 Forest Products Symposium, 1991, 49-57 (1992).
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Zaman,A.A. and A.L. Fricke, "Viscosity of Black Liquor Up to 130°C and 84%
Solids", AIChE 1991 Forest Products Symposium, 1991, 59-77 (1992).
Stoy,M.A., A.A. Zaman, and A L. Fricke, "Vapor-Liquid Equilibria for Black
Liquors,"1992 International Recovery Conference, 495-511 (1992).

Dong, D.J. and A. L. Fricke, "Investigation of Optical Effects of Lignin
Solutions and Determination of My, of Kraft Lignin," J. Appl. Polymer Sci.,50,
1131-1140 (1993).

Stoy,M.A. and A.L. Fricke, Development of a Method for Measuring the Heat
of Dilution of Kraft Black Liquor and Water," TAPPI Journal, 77(8), 169-174
(1994).

Stoy,M.A. and A L. Fricke, "Enthalpy Concentration Relations for Black
Liquor,"TAPPI Journal,77(9), 103-110 (1994).

Fricke,A.L. and A.A. Zaman, "Black Liquor Properties," International Industrial
Energy Technology Conference, Houston, Texas (1994).

Zaman,A.A., M.O. Wight, and A.L. Fricke, "Density and Thermal Expansion of
Black Liquors," TAPPI Journal,77(8), 175-181 (1994).

Zaman, A.A. and A L. Fricke, "Correlations for Viscosity of Kraft Black
Liquors at Low Solids Concentrations," AIChE Journal,40(1), 187-192 (1994).
Zaman,A.A. and A.L. Fricke, "Newtonian Viscosity of High Solids Kraft Black
Liquors: Effects of Temperature and Solids Concentrations," I&EC
Research,35(2),590-597 (1994).

Dong,D.J. and A.L. Fricke, "Intrinsic Viscosity and the Molecular Weight of
Kraft Lignin," Polymer,36, 2075-2078 (1995).

Dong, D. J., and A. L. Fricke, "Effects of Pulping Conditions on the
Composition of Black Liquor from Slash Pine," Holzforschuung, 50(1), 75-
84(1995).

Dong,D.J. and A.L. Fricke, "Effects of Multiple Pulping Variables on the
Molecular Weight and Molecular Weight Distribution of Kraft Lignin," Journal
of Wood Chemistry and Technology, 15(3), 369-393 (1995).

Zaman,A.A. and A.L. Fricke,"Effects of Pulping Conditions and Black Liquor
Composition on the Heat of Combustion of Slash Pine Black Liquor," AIChE
Syposium Series, Advances in Pulp and Papermaking,91(307), 154-159 (1995).
Zaman,A.A. and A.L. Fricke, "Viscosity of Softwood Kraft Black Liquors at
Low Solids Concentrations: Effects of Solids Content, Degree of
Delignification and Liquor Composition," Journal Pulp and Paper Sci.,21(4),
J119-J126 (1995).

Zaman,A.A. and A.L. Fricke, Effects of Pulping Conditions and Black Liquor
Composition on Viscosity of Softwood Kraft Black Liquors: Predictive
Models," TAPPI Journal,78(10), 107-119 (1995).

Zaman,A.A. and A L. Fricke, "Steady Shear Flow Properties of High Solids
Softwood Kraft Black Liquors; Effects of Temperature, Solids Concentration,
Lignin Molecular Weight, and Shear Rate," Chem. Eng. Comm.,139, 201-221
(1995).
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Zaman,A.A. and A.L. Fricke, "Kraft Black Liquor Rheological Behavior with
Respect to Solids Concentration, Temperature, and Shear Rate," AIChE
Symposium Series, Advances in Pulp and Papermaking,91(307),162-171 (1995).
Zaman,A.A. and A.L. Fricke, "Viscoelastic Properties of High Solids Softwood
Kraft Black Liquors," I&EC Research,34(1), 382-391 (1995).

Dong, D. J. and A. L. Fricke, "Electrokinetic Study of Kraft Lignin", TAPPI
Journal.,79(7), 191-197 (1996).

Zaman,A.A. and A.L. Fricke, "Heat of Dilution and Enthalpy-Concentration
Relations for Slash Pine Kraft Black Liquors," Chem. Eng. Comm.,155, 197-
216 (1996).

Zaman,A.A. and A.L. Fricke, "Effect of Pulping Conditions and Black Liquor
Composition on Newtonian Viscosity of High Solids Kraft Black Liquors,"
I&EC Research,35(2), 590-597 (1996).

Zaman,A.A., S.A. Tavares and A.L. Fricke, "Studies on the Heat Capacity of
Slash Pine Kraft Black Liquors: Effects of Temperature and Solids
Concentrations," Journal of Chemical and Engineering Data 41(2), 266-271
(1996).

Zaman,A.A., J.S. Deery, T.W. McNally and A L. Fricke, "Effect of Pulping
Variables on Density of Slash Pine Kraft Black Liquors: Predictive Models,"
TAPPI Journal, 80(9), 199-207 (1997).

Zaman,A.A., T.W.McNally and A.L. Fricke, "Vapor Pressure and Boiling Point
Elevation of Slash Pine Black Liquors: Predictive Models with Statistical
Approach," I&EC Research,39, 275-283 (1998).

Schmidl, G.W., "Molecular Weight Characterization and Rheology of Lignins
for Carbon Fibers," PhD Thesis, University of Florida, Gainesville, FL (1992).
Stoy, M.A., "Dependence of the Enthalpy and Vapor Pressure of Kraft Black
Liquor on Solids Content," PhD Thesis, University of Florida, Gainesville, FL
(1992).

Dong, D.J., "Characterization of Kraft Lignin and Investigation of Pulping
Effects on Pulp Yield, Lignin Molecular Mass, and Lignin Content of Black
Liquor with a Central Composite Pulping Design," PhD Thesis, University of
Florida, Gainesville, FL (1993).

Zaman, A A., "An Investigation of the Rheological Properties of High Solids
Kraft Black Liquors," PhD Thesis, University of Florida, Gainesville, FL
(1993).

Technology transfer has also been accomplished by presentations at international and
national meetings of research and technical societies, and by numerous seminars given at
other universities and at industrial sites. The presentations at international and national
meetings of research and technical societies on research done in this program are:

1.

"Effect of Pulping Conditions on Molecular Weight and Concentration of High
Molecular Weight Lignin in Black Liquor from Kraft Pulping of Slash Pine,"
ACS National Meeting, Denver, CO, (April, 1987).
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

481

"Black Liquor Physical Properties," API Research Meeting, New Orleans, LA.
(November, 1987).

"The Effect of Pulping Conditions on Boiling Point Elevation of Kraft Liquor
Made from Southern Pine," AIChE National Meeting, Washington, DC
(November, 1988).

"Solids Concentration, Temperature, Shear Rate Superposition of Viscosity of
Kraft Black Liquor of High Solids Concentration to Yield One Master Curve:
Effects of Lignin Weight Average Molecular Weight," AIChE National
Meeting, Washington, DC (November, 1988).

"Molecular Weight and Molecular Weight Distribution of Kraft Lignins,"
Materials Research Society National Meeting, San Francisco, CA (April,1990).
"UV-Visible Response of Kraft Lignin in Black Liquor,"Materials Reseach
Society National Meeting, San Francisco, CA (April,1990).

"Pulping of Slash Pine", AIChE National Meeting, Los Angeles, CA

(November, 1991).

"Complete Rheology of a Black Liquor," AIChE National Meeting, Los
Angeles, CA (November,1991).

"Relation of Properties Research to Recovery System Control," DOE Research
Conference, Seattle, WA (June, 1991).

"Kraft Pulping of Slash Pine," AIChE National Meeting, Los Angeles, CA
(November, 1991).

"Viscosity of Kraft Black Liquors at High Temperatures and Pressures," AIChE
National Meeting, Los Angeles, CA (November, 1991).

"Vapor Pressure Equilibria of Black Liquor Systems," TAPPI International
Conference on Recovery Systems, Seattle, WA (June, 1992).

"Development of an On-Line Viscometer for Black Liquors," DOE Research
Conference, Providence, RI (November, 1992).

"Black Liquor Properties Research," DOE Coperative Research Conference,
Orono, ME (September, 1992).

"Density and Thermal Expansion of Black Liquors," AIChE National Meeting,
St. Louis, MO ( November, 1993).

"Enthalpy-Concentration Relations for Black Liquors," AIChE National
Meeting, St. Louis, MO ( November, 1993).

"On-Line Viscometry: Needs and Requirements for Kraft Recovery," DOE
Advanced Sensor Development Conference, Atlanta, GA (April, 1994).
"Report on Viscometry Studies," American Forest and Paper Association
Conference, Atlanta, GA (April, 1994).

"Black Liquor Properties”, Industrial Energy Technology Conference, Houston,
TX (April, 1994).

"Effects of Pulping Conditions or Liquor Composition on the Zero Shear Rate
Viscosity of Black Liquors at High Solids," AIChE National Meeting, San
Francisco, CA (November, 1994).
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21.  "Effects of Pulping Conditions and Black Liquor Composition on the Heat of
Combustion of Slash Pine Black Liquor," AIChE National Meeting, San
Francisco, CA (November, 1994).

22.  "Kraft Black Liquor Rheological Behavior with Respect to Solids
Concentrations, Temperature, and Shear Rate," AIChE National Meeting, San
Francisco, CA (November, 1994).

23.  "Generalized Correlations for Heats of Dilution and Enthalpy-Concentration of
Black Liquor," AIChE National Meeting, Miami, FL (November, 1995).

The number of reviewed publications and the quality of the journals in which they were
published are an indication of the quantity and quality of results from research in this
program, in our opinion. It should be obvious that technology transfer has been given
serious consideration in this program and that it has been pursued aggressively.
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