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ABSTRACE Methodsfor precise density measurements o f  bhck 
liquors at IO-I 00% solids andfor thermal expansion are 
available. Bhck liquors exhibit two second order 
thermodynamic transitions at 25” C over a range of solids. 
Linear extrdpohtion o f  low solids ddta does not determine black 
liquor density. Vdriation in density fo r  dzferent kraj? liquors 
comes not onlyJFom variations in the organic to inorganic ratio. 
At solids concentrations below 65%, thermal expansion 
correlates successfilly as a reduced variable quantity. 
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he kraft process continues as the T dominant wood pulping process 
worldwide, because it is an economi- 
cal process for producing high qual- 
ity pulp from a variety of fiber 
sources when practiced on a large 
scale. An essential part of the kraft 
process is the chemical recovery 
cycle. Until the mid-l970s, study of 
the chemical recovery cycle con- 
cerned only a minor amount of the 
total research and development ef- 
fort devoted to kraft pulping. The 
sudden increase in energy prices and 
the threat of energy shortages that 
occurred then renewed interest in 
improvements in the recovery cycle. 

Although the predicted higher en- 
ergy prices and energy shortages 

have not occurred, the relative cost 
of energy is much higher today than 
before 1970. An incentive therefore 
exists to reduce the capital require- 
ments for chemical recovery and de- 
crease sulfur emissions. Possible 
techniques involving improvements 
in the present process or replace- 
ment of one or  more of the present 
operations have led a sustained in- 
terest in research and development 
in chemical recovery. Quantitative 
descriptions of the physical and 
chemical properties of black liquor 
are important to improve the present 
process or to develop replacement 
operations. 

Density of kraft black liquors is 
an important physical property for 
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analysis of a plant operation. It is 
necessary to determine volumetric 
flow rates and the mass flow rates 
necessary for mass and energy bal- 
ances. Density also appears in many 
engineering relations for design 
based on similitude. A lack of pre- 
cise knowledge of black liquor den- 
sity introduces an uncertainty in 
applying these relations to the de- 
sign of process elements for the re- 
covery cycle. Specific volume, the 
reciprocal of density, is an intensive 
thermodynamic state property. Pre- 
cise determination of this quantity 
is an essential part of a complete 
thermodynamic description of black 
liquor. 

There are many reports of mea- 
surements of the densities of kraft 
(sulfate), sulfite, and soda liquors. 
In nearly every case, however, there 
was no liquor characterization and 
density values were only at one tem- 
perature. Kobe and McDonald (1) 
reported densities as a function of 
solids concentration and tempera- 
ture up to 50% solids and 96-98°C 
for soda, sulfate, and sulfite liquors. 
There was no other characterization. 
Han (2) related specific gravities at 
25°C and 16°C for neutral sulfite 
semichemical (NSSC), kraft, and 
acid sulfite liquors up to 55% solids 
with the percentage inorganics for 
the liquors. Lubienska and Graczak 
(3) also reported density as a func- 
tion of solids and percentage of 
inorganics. Han and Lubienska 
found that density increases linearly 
with solids concentration at constant 
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1. Variation of kraft black liquor density for Liquor T-2823 at 25°C 2. Effect of temperature on density of Liquor T-2823 at various 
solids concentrations 
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temperature and solids composition. 
Hunter et al. (4) determined density 
as a function of solids concentration 
and temperature for sulfite liquor. 
Others have also reported density of 
liquors from various pulping pro- 
cesses used with different fiber 
sources (5,6).  Of these reports, 
Hultin's has the most details. 

Our early work (78) has provided 
the most details for kraft black li- 
quors, and we will critically review 
some of it later. We found that den- 
sity at  constant temperature is an 
exact linear function of solids con- 
centration up to 50% for kraft liquors 
of widely different solids composi- 
tion. We also developed a correlation 
for thermal expansion based on prin- 
ciples of corresponding states that 
correlated Hunter's data with ours. 
Differences in the density at constant 
temperature were not totally explain- 
able, however, on the basis of or- 
ganic to inorganic ratio in the solids. 
The organic to inorganic ratios of 
liquors used in the study came from 
sulfated ash analyses. Extrapolation 
of the low solids data predicted a 
density of 1615-1770 kg/m3 for 100% 
solids at  25°C. Using the densities of 
the components present in 100% 
black liquor solids or of substances 
similar to those present, one can es- 
timate the density of 100% black li- 
quor solids with no solids interaction 

TEMPERATURE, "C 

-~ 
1. Kraft black liquor properties 

Organic to a x 1 P 
Effective Sulfur, Time, Temp., Kappa inorganic for 

Liquor alkali, % % min "F no. ratio Eq. 1 

T-2810 13 19.9 40 330 129.6 1.630 6.780 

T-2816 16 19.9 80 330 58.1 1.960 6.560 

T-2820 13 34.7 80 330 65.7 2.391 6.144 

T-2823 16 34.7 40 330 82.9 1.516 6.430 

T-2825 16 34.7 80 350 18.0 2.253 6.170 

T-2880 13 35.0 40 330 96.0 1.587 6.608 

T-2881 13 20.6 80 330 85.7 2.140 6.41 4 

as 1540-1580 kg/m3. Since extrapo- 
lated values were higher, we con- 
cluded that it was not possible to 
extrapolate low solids concentration 
data with confidence and that varia- 
tions in the organic to inorganic ratio 
could not entirely explain the varia- 
tions in liquor density (7,8). Adams 
and Frederick (9) reported results 
from part of our early work but over- 
looked the lack of complete correla- 
tion of density variations with organic 
to inorganic ratio and the caveat con- 
cerning extrapolation. Precise, direct 
measurement of density at high sol- 
ids concentrations and precise mea- 
surement of thermal expansion are 

necessary from both practical and 
thermodynamic standpoints. 

In this work, we have developed 
methods to measure density pre- 
cisely at all solids concentrations up 
to 100% and have determined ther- 
mal expansion of liquors at solids con- 
centrations up to 85%. Experimental 
measurements show that extrapola- 
tion of low solids density is usually in 
error and that black liquors appar- 
ently undergo two second order ther- 
modynamic transitions between 50% 
and 100% solids. We also completely 
describe the methods used and 
present some results with appropri- 
ate discussions. 
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Effect of temperature on the reduced density of a kraft black 4. Variation of density of a slash pine kraft black liquor at 25°C 
iuor 
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Experimental 

Avariety of different procedures and 
instruments underwent evaluation. 
The following combination gave the 
best results: absolute pycnometry for 
density at solids below 60%, gas com- 
parison pycnometry at solids above 
55%, and dilatometry for thermal 
expansions. The overlap in ranges 
for the two methods for density mea- 
surements was deliberate to check 
agreement of the results. We used a 
50-mL glass pycnometer that meets 
American Society for Testing and 
Materials (ASTM) method ASTM D 
153 specifications for low solids den- 

sity measurements. We successfully 
adapted a Micromeritics Model 1330 
Accupyc gas comparison pycnometer 
for  high solids density measure- 
ments. An American Oil Chemists 
Society (AOCS) Method Cd 10-57 
dilatometer designed for use with fats 
and oils was a very satisfactory ap- 
paratus for thermal expansion mea- 
surements. The appendix provides 
details for the use of these appara- 
tus. 

Results and discussion 

All densities for kraft black liquors 
from slash pine showed a linear rela- 
tion with solids concentration at a 
constant temperature of 25°C for sol- 
ids concentrations below 50%. Fig- 
ure 1 provides a typical result. We 
determined densities for a number 
of kraft black liquors from slash pine 
pulping. Equation 1 provides an ac- 
curate fit for the density values: 

(1) pZ5 = 0.99707 + ax 
where 
P2.5 

x = solids concentration, % 

= density at 25"C, g/mL 
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a =constant. 

Table I gives the conditions of 
pulping, values of the constant “a” 
for Eq. 1, and the organic to inor- 
ganic ratio for seven slash pine li- 
quors. There is not a good correlation 
between the value of “a” for Eq. 1 
and the organic to inorganic ratio 
for these liquors. As noted earlier, 
one can not linearly extrapolate the 
density, because extrapolation to 
100% solids predicts a density con- 
siderably greater than the “ideal” 
density of about 1.54-1.58 g/mL for 
100% solids. We therefore suspected 
that some changes in character of 
the liquor might occur. Determina- 

tion of the density at high solids con- 
centration had greater interest. 

We also determined thermal ex- 
pansion for these liquors by dilatom- 
etry at solids concentrations below 
50% solids. Figure 2 shows typical 
results. As Adams and Frederick re- 
ported (9), we used the concept of 
corresponding states to reduce this 
data. We divided the density at any 
temperature by the corresponding 
density for equal solids concentra- 
tion of the liquor at  25°C to yield the 
reduced density, pR. The choice of 
reference density for calculating pR 
is arbitrary. It is possible to use any 
density in the region where the li- 

quor is in the same physical state. 
We chose the density at  25°C as the 
reference density for convenience 
purposes. It is then possible t o  re- 
duce all thermal expansion data for 
the liquor to a single curve which 
the following equation describes: 
p, = 1 .O - A(T - 25) - B(T - 25)2 
(2) 

where 
T = temperature, “C 

A, B = constants. 

Figure 3 is a typical result for ap- 
plication of Eq. 2. It shows that the 
thermal expansion of the liquor com- 

Appendix 

density measurement. 

ling and loading liquo 

enters the cell chamber until a pre- 
set pr the chamber occurs. 
After the expansion valve 
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pared to water increases proportion- 
ally with increase in the liquor den- 
sity at 25°C due to increase in solids 
concentration. It also appears that 
the constants in Eq. 2 are relatively 
insensitive to the variation in com- 
position of these seven liquors. 

A combination of experimental 
techniques provided density mea- 
surements on liquors up to 100% sol- 
ids. Figures 4 and 5 show complete 
density data for a kraft liquor made 
from slash pine and for a kraft li- 
quor obtained from a commercial 
mill. The results are somewhat star- 
tling at first. There are at least two 
and possibly three distinct linear re- 

gions for the relation of Fig. 4. The 
third region of 82-100% solids is very 
likely linear. Figure 5 definitely 
shows a third linear region at 80- 
100% solids. In addition, the mea- 
sured densities for 100% solids for 
these two liquors fall within the pre- 
dicted "ideal" density range of 1.54- 
1.58 g/mL. 

The abrupt changes in slope of 
the density relations are important. 
The slope of the density relation, 
(i3p/dC),,, (where C is concentration), 
is a second order thermodynamic 
property. A discontinuity of the slope 
without a corresponding discontinu- 
ity in the first order thermodynamic 

property, i.e., density indicates a sec- 
ond order transition of some type in 
the system. At 25"C, these liquors 
exhibit two second order transitions. 
One is near 65% solids, and the sec- 
ond is in the region of 80-85% solids. 
As the temperature increases, the 
concentrations at which these tran- 
sitions occur increase. The change is 
not large, however. At 1OO"C, the 
initial second order transition occurs 
at 68% solids rather than at 65% 
solids. 

The slopes of the lines in the third 
region of 80-100% solids are much 
less than the slopes of the lines for 
the other two regions. The tempera- 

sults, one must use special tech- 
niques and care in preparing 
samples and loading instruments. 

trations up to 78-84 
pending upon viscosity 
evaporation at reduced press 
(about 0.27 kPa) in a stirred ve 
We stored these in plastic 
4°C until use when we heat 
to a maximum of 50%. 

If the sample had sufficient flu- 
idity, we poured it into the pyc- 

We prepared sample 

with a plastic film, allowed it to 

comparison pycnometer. 

allowed it to cool with a 

ter cooling, we extruded the sample 
as a cylinder from the syringe and 

ment. 

did not allow evaporation at re- 
duced pressure without degrada- 

we used different concentra- 

froze a sample at 20% solids 
freeze dried it to the desired 

box to eliminate problems with con- 

cathetometer having a resolution of 
kO.01 mm. We calibrated the  
dilatometers with mercury. 

For measurements, we placed a 
known mass of mercury in the 
dilatometer and drew it up into 
the side arm. Then we poured a 
sample of liquor into the dilatom- 
eter to fill the bulb and closed the 
dilatometerwith the stopper. If the 
sample was not pourable, we placed 
a plug of the sample in the dilatom- 
eter to displace some mercury and 
closed the stopper. We collected 
mercury forced from the dilatom- 
eter, weighed it, and corrected for 
the mass of mercury contained in 
the dilatometer. We p 

tures from 10°C to greater than 
100°C. The volume of sample is the 

sample in the dilatometer a t  the 
temperature of density measure- 
ment using pycnometry by inter- 
polation. From the known density 
and volume of the liquor in the 
dilatometer, it is possible to calcu- 
late the mass of liquor in the 
dilatometer. Then sample density 
vs. temperature derives from the 
sample volume vs. temperature 
data. 
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ture of 25°C is also very close to the 
glass transition temperature for 
these two liquors. It may be that 
these liquors are behaving as plasti- 
cized glasses in this region. This 
would explain the low value for the 
slope here. Previous work (10,ll) has 
shown that liquors exhibit signifi- 
cant viscoelastic behavior in this re- 
gion. The maximum deviation in heat 
capacity from the ideal heat capac- 
ity occurs here as well. We have also 
observed that liquors in this region 
do not infinitely deform, i.e., the li- 
quors fracture or crumble. There- 
fore, the region most likely 
represents a regime in which it is 
not possible to use the present tech- 
nology based upon fluid flow and 
droplet formation for chemical re- 
covery. 

As the temperature increases, the 
concentration at which the upper sec- 
ond order transition occurs should 
shift to a higher concentration. Un- 
fortunately, we cannot use compari- 
son pycnometry a t  elevated 
temperatures. One can theoretically 
determine the temperature to con- 
centration boundary for this transi- 
tion by locating the temperatures 
for abrupt changes in (dp/dT)p, from 
dilatometry data, but the dilatom- 
etry data must be very precise. 

The lower second order transi- 
tion at 65% solids at 25°C may be the 
same or similar to the transition from 
freezing to glass formation observed 
for other liquors (IO). Most of the 
deviations in flow behavior and heat 
capacity behavior from that for sim- 
pler fluids become distinctly mea- 
surable at this condition. It is in the 
middle region that viscosity in- 
creases very rapidly, excess heat ca- 
pacity increases nearly to the 
maximum, and the rate of increase 
of boiling point elevation with in- 
crease in solids concentration begins 
to decrease in many cases. All of 
these should occur with some change 
or changes in short range order in a 
system containing a polymer as a 
major or significant component. 

Thermal expansion data for these 
two liquors up to 65% solids can re- 
duce to the single curve described 
by Eq. 2. For data above 65% solids, 
one must exercise caution. It appears 
today that Eq. 2 covers data up to 
70% and above 70°C, if one defines 
pZ5 as the value obtained by extrapo- 
lation from the low solids region. 
Additional work is in progress to de- 
fine density in a reduced form up to 
at  least 80% solids. 

We are analyzing the data accu- 
mulated from almost 30 liquors of 
widely different compositions. Quali- 
tatively, all exhibit behavior similar 
that of the two liquors illustrated in 
Figs. 4 and 5. 

Conclusions 

Experimental density measure- 
ments have shown that kraft black 
liquors undergo two thermodynamic 
second order transitions at 25°C as 
the concentration increases from 0- 
100% solids. One occurs at 65% sol- 
ids and another a t  85% solids. 
Thermal expansion measurements 
show that the concentrations at 
which these occur increase 3-5% as 
the temperature increases from 25°C 
to 100°C. 

Direct measurements of densities 
of 100% solids black liquors at  25°C 
are within the region of 1540-1580 
kg/m3 predicted from calculation. 
The calculation uses densities of the 
known components or densities of 
very similar substances to those 
known to be present. It assumes no 
solids interactions. This is the "ideal" 
density. 

In the low solids region below 65% 
at 25"C, the density at a constant 
temperature above 25°C increases 
linearly with solids concentration for 
every liquor for which data is avail- 
able. The differences in density for 
different liquors at fixed concentra- 
tion and temperature do not relate 
solely to the organic to inorganic ra- 
tio in the liquor solids as determined 
from sulfated ash or other methods, 
however. 

Thermal expansion of liquors in 
the low solids region correlates to 
the reduced density relation devel- 
oped during this work and reported 
by Adams and Frederick (9). Varia- 
tion in the reduced density function 
for kraft black liquors of very differ- 
ent compositions is slight. This indi- 
cates that most, if not all, of the 
variation in density due to liquor sol- 
ids composition results from the base 
density relation (density vs. solids 
concentration at 25°C) used as a ref- 
erence. 

Above 65% solids, one must use 
the reduced density relation with 
caution to calculate density. For most 
liquors for which data is available, it 
appears that the reduced density re- 
lation developed from low solids ther- 
mal expansion data is valid up to 
70% solids and above 70"C, if one 
defines the reference density as the 
value obtained by extrapolation from 
the low solids region. The reduced 
density relation is not valid for the 
upper solids region greater than 
80%. 

The two second order thermody- 
namic transitions that are evident 
from the density results presented 
for two kraft liquors occur at condi- 
tions for which the liquor exhibits 
rapid change in thermodynamic and 
rheological behavior, as one should 
expect. The second order transition 
occurring at 80% solids at 25°C may 
represent an upper bound for the 
application of present technology 
based upon fluid flow and droplet 
formation. The solids concentration 
at  which this upper second order 
transition occurs will increase 
slightly with temperature. Data nec- 
essary to define this temperature to 
concentration boundary exactly are 
not available now. 

Variations in density from liquor 
to liquor are not large. The range is 
only about 5% at 65% solids. This is 
a substantial error for determining 
liquor flows, however. The methods 
described here allow determination 
of density at  all temperatures and 
all solids concentrations below 65% 
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using one precise density measure- 
ment and one precise thermal ex- 
pansion measurement. The relations 
can probably define precisely the 
density at 100°C up to 70% solids. 
Precise density measurements are 
also important in determining fluid 
transitions that affect other proper- 
ties such as rheological characteris- 
tics. W 
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