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PEER REVIEWED

T HE RAPID-DISPLACEMENT HEAT-
ing (RDH) system is a batch
pulping process that recy-
cles black liquor from a

completed batch to pretreat the raw
chips in the next batch.White liquor
is charged to the digester after the
pretreatment.

The black-liquor pretreatment
heats the chips and drives out air,
neutralizes wood acids, and fills the
chips with high-sulfidity liquor
(1–4). The primary advantage of the
RDH process is a decrease in
digester steam consumption, with a
reduction of 60–80% compared with
conventional batch kraft pulping.
The energy savings accrue from the
shorter steaming time required to
reach white-liquor cooking tempera-
ture (2, 3, 5, 6). In addition, RDH
pulping extends delignification,mak-
ing it possible to produce pulps with
lower kappa numbers than have

been traditionally achieved. Lignin
removal also is faster than in conven-
tional batch kraft cooking. This
improved pulping performance pro-
vides practical economic benefits in
terms of increased production, sav-
ings in bleach-plant chemicals, and
reduced bleach-plant effluent (2, 3,
7). Additional operating advantages
have been previously reported
(2–9).

Most of the published RDH pulp-
ing studies have focused on soft-
wood species. However, several mills
are currently using the RDH process
to pulp hardwoods,and the RDH per-
formance of hardwoods is of consid-
erable interest. The use of hardwood
as a fiber source for pulping is inten-
sifying, and this trend will likely con-
tinue as softwood chip supplies
become increasingly scarce.

This paper presents the results of
a study investigating the pulping
response of five southern U.S. hard-
woods (white oak, red oak, red
maple, sweetgum,and yellow poplar)
to a laboratory RDH process. The
effects of varying white-liquor cook-
ing temperature, white-liquor effec-
tive-alkali charge, black-liquor effec-
tive-alkali charge, and wood species
are evaluated.

EXPERIMENTAL
Wood chips

The chips used in this investigation
were commercial southern U.S. hard-
woods supplied by a mill owned by
Willamette Industries (Marlboro, SC).
The exact age of the chips was
unknown, but the wood appeared
green on arrival. The chips were air-
dried for 3 weeks and screened to
2–10 mm thickness. Chips with a
large portion of bark or knots were
removed by hand. Air-dried chips

were stored at room temperature in
plastic bags until used.

White oak chips were used for
the studies involving variation of
pulping parameters. White oak, red
oak, red maple, sweetgum, and yel-
low poplar were supplied for the
species comparison study.

Pulping conditions
The RDH pulping experiments were
carried out in a 10-L dual-vessel labo-
ratory digester. Chips were placed
into one of the 10-L vessels and
treated with the following impregna-
tion sequence: Vacuum was applied
for 7 min followed by 10-psi steam
for 7 min. Black liquor at room tem-
perature was pulled into the digester
by a second vacuum application and
then heated with the chips to 120°C
over 20 min. The digester was kept
at 120°C for an additional 20 min to
complete the warm-black-liquor
phase of the RDH cook. The warm
liquor was drained from the digester,
and hot black liquor at 155°C was
transferred into the digester using
nitrogen gas pressure. (Liquor dis-
placement was not used in the labo-
ratory-scale equipment, since this
would have led to mixing of pulping
liquors between phases. Instead, the
draining–filling liquor-transfer me-
thod was used because it provided
careful control of the composition of
the three pulping phases.) The
digester was heated to 155°C over
10 min and was kept at temperature
for 20 min to complete the hot-
black-liquor phase. The hot black
liquor was drained from the digester,
and white liquor at 100°C was trans-
ferred into the digester using nitro-
gen gas pressure. The temperature of
the digester was raised to the desired
cooking temperature (usually
165°C) over 10 min and was held at
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at a given kappa number than a con-
ventional batch pulp. However, RDH
and conventional cooks produced the
same amount of screen rejects at a
given kappa number. Reduction of
alkali concentration in the black
liquor diminished the rate of delignifi-
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temperature for the desired H-factor
of the cook. The H-factor was accu-
mulated over the warm black-liquor,
hot black-liquor, and white-liquor
phases. At the conclusion of the
cook, the spent white liquor was
drained from the digester, and fresh
water at 100°C was transferred into
the digester and circulated for 5 min.
The wash water was drained from
the digester and the chips removed.

The original white oak study was
done with a 4.5:1 liquor-to-wood
ratio. A 5.5:1 liquor-to-wood ratio
was required for the species-compar-
ison study to handle some of the
lower-density wood used in these
experiments. Table I summarizes
the pulping conditions used in both
studies.

Pulp preparation
The cooked wood chips were disin-
tegrated in a 120-L laboratory slusher
containing 80 L of fresh water for 2
min. The pulp was dewatered and
screened on a 0.01-in. cut flat vibra-
tory screen to remove rejects.
Accept pulp was centrifuged, fluffed,
and placed into plastic bags for
refrigerated storage.

White and black liquors
The black liquors (warm and hot)
were taken from a 50-L storage reser-
voir containing a mixture of white
and black liquors from previous
cooks. The entire portion of spent
white liquor was recycled back to
the reservoir (4.5–6.0 L, depending
on the liquor-to-wood ratio used)
along with the entire wash liquor
(5.2–5.5 L). Spent hot black liquor
was added as needed to restore the
reservoir to 50 L. Black liquors were
stored at room temperature with a
nitrogen blanket to inhibit oxidation
of the liquor.

White liquor was prepared using
sodium hydroxide and sodium sul-
fide at 10–16% EA (effective alkali)
and 30% sulfidity. Alkali content of
the initial and final liquors was deter-
mined by titration with hydrochloric
acid. Further details of the experi-
mental procedure are provided by
Matheison (10).

PULPING RESULTS
RDH pulping of white oak at
various conditions
RDH and conventional pulping

at 14% EA. Results for RDH and con-

ventional pulping at 14% EA are pre-
sented in Figs. 1–3.

The RDH pulps reached lower
kappa numbers at a given H-factor
than those achieved in conventional
batch cooks, as seen in Fig. 1. A con-
tributor to this “RDH effect” of
enhanced lignin removal is proposed
to be the high hydrosulfide ion con-
centration present in the warm-
black-liquor stage of the RDH
process. Such a sulfidity profile in
the early portion of a conventional
softwood kraft cook has been shown
to increase the bulk delignification
rate and delay the onset of residual
delignification (11–13). An addi-
tional RDH advantage that enhances
lignin removal is that the alkali con-
centration is maintained at a higher
level during the cook phase than in
conventional batch pulping. The
enhanced white-liquor alkali concen-
tration is due to the neutralization of
wood acids by the alkali in the black-
liquor phases.

Figure 2 shows the relationship
between kappa number and pulp
rejects. The RDH and conventional
pulps produce about the same

I. Pulping conditions

Cooking Liquor-to- H-factor Black-liquor White-liquor White-liquor
temperature, wood ratio, effective effective sulfidity,

°C L/kg alkali,a alkali, %
g NaOH/L % on o.d. wood

(as Na2O)

Pulping of white oak 
at various conditions
Conventional batch pulp 165 4.5:1 310–1400 ... 14 30
RDH pulps
Varied white-liquor 
effective alkali 165 4.5:1 500–1500 7 10,12,14,16 30

Varied black-liquor 
effective alkali 165 4.5:1 500–1800 2.5, 7,12 14 30

Varied temperature 160,165, 170 4.5:1 300–1400 7 14 30

RDH pulping of mixed 
speciesb 165 5.5:1 300–1400 7 14 30

a Warm and hot black liquors
b White oak, red oak, yellow poplar, sweetgum, and maple
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amount of rejects at a given extent of
delignification.

Pulp yield at a given kappa num-
ber was lower for the RDH pulps
than for the conventional batch
cooks, as seen in Fig.3. This contrasts
with the results of equivalent (6, 14,
15) or higher RDH yields (4, 16)
reported for softwoods.One possible
explanation for this may be the
increased dissolution of xylans in

hardwood pulping. The white-liquor
alkali concentration for an RDH cook
is higher than that of a conventional
cook, with the liquors removed dur-
ing the cook prohibiting any xylan
redeposition onto the fibers. Xylan
redeposition in hardwood conven-
tional cooks has been shown to con-
tribute as much as 3% on pulp to the
total pulp yield (16). While xylans
were not measured in this study, they

may have played a role in the lower
pulp yields for RDH pulping.

Effect of white-liquor cooking
temperature. The effect of white-
liquor cooking temperature was
determined with a set of RDH cooks
conducted with white oak chips at
14% EA charge (as Na

2
O, % on wood)

at 160°C, 165°C, and 170°C. Inlet
residual alkali concentration of the
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black liquors (warm and hot) was 7
g NaOH/L.

Figure 4 shows the kappa num-
bers obtained over a range of H-fac-
tor for the RDH pulps and a conven-
tional kraft batch cook at 165°C.
Again, the kappa numbers at a given
H-factor were lower for the RDH
pulps. The overlap of the RDH
curves indicates that (a) the activa-
tion energy of 32,000 cal/mol used
to calculate H-factor is satisfactory
for describing the pulping system
(17) and (b) the H-factor is an effec-
tive indicator for extent of cooking
(18).

The pulp yields at a given kappa
number were lower for the RDH
cooks at all three temperatures com-
pared with the conventional cooks
at 165°C, as seen in Fig. 5.

Pulping rejects as a function of
kappa number were essentially inde-
pendent of temperature and similar
for the RDH and conventional cooks,
as seen in Fig. 6. The results in Figs.
4–6 indicate that the RDH process
produced comparable hardwood
pulps over the temperature range of
160–170°C.

Effect of white-liquor effective
alkali. The white-liquor charge was

varied from 10–16% EA (as Na
2
O, %

on wood) using white oak chips and
a cooking temperature of 165°C.The
average black-liquor alkali concen-
trations (warm and hot black liquor)
for these cooks was 7 g NaOH/L.
This value was held reasonably con-
stant from cook to cook by schedul-
ing the order of the high and low
effective-alkali pulping and by using
a large reservoir for the warm and
hot black liquors.

Figure 7 shows that as the
charge of effective alkali was
increased, the kappa number
obtained at a given H-factor
decreased, similar to the behavior
commonly observed for conven-
tional pulping. The data in Fig. 8 do
not show a definitive trend for the
relationship between pulp yield and
kappa number for the RDH cooks at
various levels of alkali charge. How-
ever, it does appear that the cooks at
higher alkalinity have a slightly
lower yield. Again, the RDH yields
were all slightly lower than the con-
ventional cook conducted with a
white-liquor charge of 14% EA. The
pulping rejects produced by the
RDH cooks and conventional cooks

were all roughly equivalent, as seen
in Fig. 9.

At the end of the warm and hot
black-liquor phases, the residual
alkali concentrations for these cooks
varied from 0.2 g NaOH/L to 0.9 g
NaOH/L,with most of the cooks hav-
ing a residual alkalinity in the range
of 0.5 g NaOH/L . Total alkali deple-
tion was not observed for the cooks
with black-liquor charges (warm and
hot) of 7 g NaOH/L.

Figure 10 shows the white-
liquor residual alkali content for the
RDH pulps in this series. It is clear
from Fig. 10, along with Fig. 7, that
low white-liquor effective-alkali
charges (10–12%) can produce pulps
with acceptable kappa numbers,
albeit at long H-factors.However, low
effective-alkali charges may yield
black liquors with insufficient resid-
ual alkalinities for use in subsequent
cooks. In determining the required
value of white-liquor alkali charge,an
alkali balance must be done over the
entire pulping process. If the white-
liquor alkali concentration is too
high, residual alkali concentration
will build up in the black liquor used
to pretreat the chips. Conversely, a
white-liquor alkali concentration
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that is too low will lead to alkali
depletion of the black liquors. The
extent of RDH pulping effect is
determined by the alkali content of
the black liquors, as discussed in the
following section. Consideration also
should be given to the time required
to reach the target kappa number,
since it will take longer to achieve
the target for lower levels of effective
alkali.

Effect of black-liquor residual
effective alkali. Pulping cooks were
conducted with white oak chips in
which the effective alkali concentra-
tions of the warm and hot black
liquors were varied, while white
liquor was maintained at 14% EA (as
Na

2
O, % on wood). The following

black-liquor alkali levels were used:
2.5 g NaOH/L, 7 g NaOH/L, and 12 g
NaOH/L.

Figure 11 shows that for all
three levels of black-liquor alkali, the
delignification achieved at 14% EA
during the RDH cooks at a given H-
factor was greater than that attained
for conventional kraft pulping. How-
ever, this RDH effect diminished as
black-liquor residual alkali content
was decreased, with the kappa num-
bers leveling off at higher H-factors.

Conductometric titration of the
black liquors at the conclusion of the
warm and hot phases indicated that
the liquors with 2.5 g/L alkali
became depleted before the end of
the respective black-liquor phases,
with 0.0 g NaOH/L remaining. Trace
amounts of alkali (0.2–0.9 g NaOH/L)
were detected in the black liquors
(warm and hot) retrieved from the
cooks using alkali concentrations of
7 g/L. Residual alkali was distinctly
present (0.8–1.9 g NaOH/L) in the
liquors retrieved from cooks per-
formed with 12 g NaOH/L in the
black liquors.

The extent of alkali present in the
early phases of the RDH cook deter-
mines the degree to which the accel-
erated delignification of the RDH
process can proceed. Thus the
amount of residual alkali in the black
liquor is an important consideration.
Nevertheless, a minimum initial
black-liquor residual alkali content
was not found below which the RDH
effects were lost entirely for hard-
wood pulping. This differs from the
findings of Pu (14) for loblolly pine,
which show that an alkali concentra-
tion below 4 g/L effectively suspends
the RDH delignification benefits.

Depletion of alkali during the black-
liquor cooking phases should also be
avoided from the perspective of
process stability. Low black-liquor
alkalinity can have adverse repercus-
sions on the kraft recovery system,
where a neutral or acidic black
liquor can cause precipitation in the
evaporators.

The pulp yields for all three sets
of conditions were equivalent at a
given kappa number, as seen in Fig.
12. Thus the selectivity for lignin
removal remained approximately
the same for the RDH cooks over the
black-liquor alkali range of 2.5–12 g
NaOH/L.

RDH pulping of five hardwood
species at constant conditions

Five hardwood species commonly
used for pulping in the southern
United States—white oak, red oak,
red maple, sweetgum, and yellow
poplar—were pulped using the RDH
process. The objectives were to
quantify the response of these
species to RDH pulping and to iden-
tify potential difficulties regarding
their use in an RDH process. Hard-
woods are known to exhibit a wide
spectrum of pulping behaviors as a
result of variations in wood structure
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liquor effective alkali

12.Total pulp yield as a function of kappa number for RDH
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and chemical composition among
species.

Figure 13 shows the kappa
number vs.H-factor for RDH cooking
of the different species. Similar delig-
nification profiles were observed for
yellow poplar, sweetgum, and red
oak. The red maple and white oak
each exhibited pulping behavior that
deviated from the remaining species.

The red maple showed a delayed
pulping response, with the kappa
numbers very high at low H-factors
(below 900) relative to those of the
other species. At H-factors above
900, the red maple kappa numbers
reached equal values with the yellow
poplar, sweetgum,and red oak pulps.
This delayed pulping behavior may
partially be attributed to slower dif-

fusion of pulping chemicals into the
red maple chips. Red maple has a
tight wood structure, with relatively
few vessel elements present in a
given surface area to aid chemical
transport.

The white oak displayed consis-
tently higher kappa numbers
(approximately 3–5 units higher)
than most of the other hardwoods
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studied over the entire H-factor
range used. The high density of
white oak (typical green-basis spe-
cific gravity = 0.55–0.64) may be a
contributing factor to the pulping
resistance demonstrated, as it was
the most dense wood used in the
pulping comparison. While oaks
characteristically have large vessels
running through the wood struc-
ture, those of white oak are com-
monly occluded with growths called
tyloses that obstruct or completely
block the vessel channels, thus
inhibiting transport of pulping
chemicals (19, 20).

It is likely that the higher density
of white oak and red maple was a
factor in their slower delignification
response. However, Fig. 14 shows
that the pulping rejects obtained
from the cooks of white oak and red
maple were comparable (at a given
kappa number) with the other

species studied, suggesting that dif-
fusional limitations were not entirely
responsible for the lower extent of
delignification at a given H-factor.

Figure 15 shows the pulp yield
vs. kappa number for the five hard-
wood species. The sweetgum and
white oak had the lowest pulp yields
at a given kappa number. Red oak
and yellow poplar maintained the
highest pulp yields at a given kappa
number. The difference between the
highest and lowest yields is about
3%. Such differences would have a
significant effect on the operation
and profitability of a mill pulping
hardwoods.The fact that the pulping
responses were varied across the
species tested emphasizes the
diverse structural and chemical dif-
ferences common among hard-
woods.

Finally, Fig. 16 shows the resid-
ual alkali concentration at the end of
the pulping phase of the cook.While
it appears that there are differences
in the residual alkali concentra-
tions—for example, red oak shows a
higher residual alkali concentration
than other species—these differ-
ences do not appear to be too dra-
matic. It would be of interest in
future work to measure the alkali

consumption throughout an entire
RDH cook for these wood species.

CONCLUSIONS
Southern hardwoods were pulped
using a laboratory RDH process. Tra-
ditional hardwood kappa numbers
were achieved at lower H-factors
than required by conventional batch
kraft pulping. Extended delignifica-
tion to kappa no. 10–15 was demon-
strated using a white-liquor charge
of 14% EA and 165°C pulping tem-
perature. Pulping yields at a given
kappa number were lower for RDH
pulping than for conventional batch
cooking, but the RDH and conven-
tional cooks produced the same
amount of screen rejects at a given
kappa number.

In varying the conditions of the
RDH cooks, pulping temperatures of
160–170°C appeared to produce
pulps of comparable kappa number
and yield at a given H-factor. Increas-
ing the white-liquor effective-alkali
charge to the RDH cooks accelerated
delignification, similar to the results
seen in conventional batch kraft
pulping,but with a slight decrease in
pulp yield at a given kappa number.

Depletion of the residual alkali
concentration in the black liquor
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16.White-liquor residual alkali as a function of kappa number
for RDH pulping of five hardwood species

diminished the rate of delignifica-
tion, but it did not change the yield
at a given kappa number. That is,
alkali depletion did not change the
pulping selectivity for lignin
removal. Moreover, a minimum
black-liquor alkali concentration was
not found below which the rate of
delignification slowed to that of con-
ventional pulping. However, 7 g
NaOH/L initial residual alkali
appeared to be the minimum value
for maintaining detectable levels of

alkali in the liquor at the end of the
black-liquor pretreatment phase.

Pulping results for five hardwood
species showed that white oak had
the slowest rate of delignification,
with higher kappa numbers than the
majority of the hardwoods over the
H-factor range considered. Red
maple exhibited a delayed response
to pulping, requiring a minimum H-
factor of approximately 900 to reach
low kappa numbers.Red oak and yel-
low poplar demonstrated the great-

est selectivity for lignin removal,
while sweetgum and white oak had
the poorest selectivity. TJ
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