
PEER-REVIEWED PULP YIELD

Determining the pulping yield in a
mill is not a straightforward task. In

a batch digester, we can install a basket
with a known quantity of chips and
measure the amount of pulp produced
in the basket [1]. For continuous
digesters, however, this approach is not
possible.Normally, the estimation of pulp-
ing yield is based on mass balances deter-
mined over a period of 3–12 months of
production.

A simple and precise method for quan-
tifying carbohydrates in pulps should
therefore prove useful. Such a method has
now been developed based on using
high-performance liquid chromatography
(HPLC) to quantify the content of carbo-
hydrates. This analysis technique can be
used to estimate yields in continuous
digesters when yield-increasing additives
are introduced or to determine the hemi-
cellulose content of the pulp.The method
is easy to use and is fairly inexpensive.

BACKGROUND
In conventional kraft cooking at constant
sulfidity and effective alkali, the total
pulping yield is related to the kappa num-
ber [2]. The following relationship has
been shown to be valid for the kraft pulp-
ing of Scandinavian softwood:

Y = 0.14 k + C (1)

where Y is the total yield, k is the kappa
number, and C is a constant. However, the
constant C changes if major pulping vari-
ables are changed, which is a disadvan-
tage for this model.

Juvekar et al. have published an empir-
ical method for determining the total
pulping yield based on process parame-
ters such as effective alkali (EA) and H-fac-

able enzymes [9–13]. A second hydroly-
sis is carried out with trifluoroacetic acid
(TFA) [14–17]. Finally, the monosaccha-
rides are detected by aqueous HPLC.

This approach eliminates the two-
stage acidic hydrolysis [18] prescribed in
TAPPI T 249 cm-85 and circumvents the
need for specialized, extremely selective
enzymes [9]. We chose HPLC instead of
gas chromatography (GC) because HPLC
does not entail chemical derivatization,
which is necessary in GC detection of
monosaccharides [19, 20]. Also, HPLC
does not demand such highly specialized
equipment as that required by detection
methods like Capillary Zone
Electrophoresis [21].

EXPERIMENTAL 
PROCEDURES

Enzymatic and acidic 

hydrolysis
A pulp sample of 2.30 g in 12.5 mL of
acetic acid buffer (pH 5,1M solution) and
0.5000 g of mannitol (internal standard)
was diluted with water to a total weight
of 125 g. The fibrous suspension was
stirred at 55°C for 48 h, and 1.0 mL of
enzymes was added six times at regular
intervals. The enzyme mixture consisted
of equal parts of ECOPULPCR TX-200 C
(xylanase), ECOPULPCR C15 (cellulase),
and Mannanase AMB (with all of these
enzymes supplied by Röhm Enzymes
Finland Oy).

Since primary hydrolysis with com-
mercial enzymes normally gives a mix-
ture of mono- and oligosaccharides, we
carried out a second hydrolysis using tri-
fluoroacetic acid (TFA) to get a complete
degradation to monosaccharides.We opti-
mized the acidic hydrolysis for each pulp

tor [3]. Several models have been pub-
lished for estimating the pulping yield
based on pulp properties [4–7]. In the
1970s, Kleppe estimated the yield
increase during mill trials at Peterson
Linerboard, Moss, Norway, by determin-
ing the percentage of mannan in the pulp
[4]. However, the analytical technique for
determining the mannan content was not
as accurate as it is today, and no graphs
were published in which the yield was
plotted against glucomannan content.

Marcoccia et al. found a semi-empiri-
cal method for estimating the yield in the
kraft pulping of Northern hardwoods on
the basis on carbohydrate composition
and pulp viscosity [5]. Easty and Malcolm
published the “carbohydrate–lignin
method”[6],which estimates the pulping
yield based on the assumption that the
cellulose yield is constant:

(2)

where Y
tot

and Y
Cell

are the total pulping
yield and the cellulose yield (based on
o.d.wood), and C,H, and L are the weight
fractions of cellulose, hemicellulose, and
lignin. More recently, van Heiningen et al.
published an improvement on the carbo-
hydrate–lignin method in which the cel-
lulose yield is not assumed to be constant
[7]. In their method, the yield is calculat-
ed by the analysis of carbohydrate con-
tent and the measurement of viscosity.

If the pulp’s carbohydrate content is
to be used for determining the yield, the
carbohydrate analysis has to be accurate
and not too labor-intensive. In this work,
we chose a method [8] in which the pulp
is hydrolyzed first by commercially avail-
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carbohydrate (cellulose, xylan, and glucomannan) by running
samples at different degrees of hydrolysis using various concen-
trations of TFA.

The pulp was hydrolyzed with TFA in heat-resistant, sealed
bottles bathed in boiling water for 1 h. The solution was neu-
tralized with lead-(II)-oxide (PbO) and was filtered twice
through a 0.22 µm filter before being injected into the HPLC. In
normal lab procedure,TFA is evaporated because of its low boil-
ing point (72°C), but we considered it too time-consuming to
include this evaporation in the method. All hydrolysates were
stored at 4°C.

HPLC analysis
Chromatographic separation of the hydrolysate was performed
on a Chrompack Carbohydrates Pb column with deionized
(18.2 MΩ), filtered,and degassed water as the mobile phase.The
column temperature was 80°C. The HPLC system was a
Shimadzu system consisting of a LC-6A pump,a manual injector,
a CTO-10A column oven,and a RID-6A refractive index detector.
The chromatogram was acquired using Shimadzu’s CLASS-VP
chromatography software.

CChhrroommaattooggrraamm  pprroocceessssiinngg.. For each chromatogram, the
chromatography software generated an ASCII file containing
data. Data from a blind sample without pulp or mannitol was
subtracted, and a new chromatogram was generated.This pro-
cedure adjusts for the monosaccharide contribution of the
enzyme mixture.

The ASCII file was imported into a commercial PC software
program (PeakFitTM from SPSS Science) for further processing.A
baseline correction was performed inside the software, and the
chromatogram was fitted to the required number of individual
peaks.

CCaallccuullaattiioonnss.. The pulp kappa numbers were measured
according to SCAN C 1:00, and the amount of lignin was deter-
mined according to Eq. 3 [4]:

lignin, % = 0.147 × kappa no. (3)

Cellulose, xylan, and glucomannan were calculated as fol-
lows:

cellulose = glucan – 1/3 mannan (4) 

xylan = xylan (from xylose) (5)

glucomannan = 4/3 mannan (6) 

where glucan,xylan, and mannan are the anhydrosaccharides of
glucose, xylose, and mannose.

CCaalliibbrraattiioonn.. Standard solutions were prepared consisting of
D-glucose, D-xylose, D-galactose, L-arabinose, and D-mannose in
different ratios. Mannitol was used as an internal standard.The
chromatograms were analyzed as described earlier.

SSiimmpplliiffiieedd  aannaallyyssiiss  pprroocceedduurree.. To simplify the procedure, we
avoided the TFA hydrolysis (and thus the use of the somewhat
hazardous TFA and PbO) by correlating the amount of carbohy-
drates detected in the enzymatic hydrolysis with the amount
found at optimum TFA hydrolysis (defined as the maximum
amount of carbohydrates detected).The schemes for the com-
plete and the simplified procedure for softwood are given in
FFiigg..  11.

Yield measurement
A mixed sample of air-dried roundwood chips (50%) and
sawmill chips (50%) of Scots pine and Norway spruce was lab-
oratory screened according to SCAN CM 40:94.The accept frac-
tion was divided between the autoclaves. Autoclave cooks were
performed with a liquor-to-wood ratio of 3.5 and a maximum

I. Comparison of methods for analyzing carbohydrates.

CCAARRBBOOHHYYDDRRAATTEESS,,  %%
TToottaall GGlluuccccoo--

Kraft yyiieelldd CCeelllluulloossee mmaannnnaann XXyyllaann
Enzyme only 83.9±1.6 73.3±1.1 3.6±0.7 7.5±0.2
Enzyme + TFA 90.3±1.9 73.7±1.1 8.5±0.6 8.1±0.2
Simplified 88.9±1.6 73.0±1.2 7.6±0.3 8.3±0.2

PS/AQ
Enzyme only 87.5±1.1 73.3±1.5 7.2±0.9 6.5±0.4
Enzyme + TFA 93.4±2.1 71.6±1.5 14.9±0.3 6.9±0.4
Simplified 93.7±2.9 71.3±2.4 15.2±0.5 7.1±0.6

Values are given with 95% confidence intervals.

1. Schemes for the complete hydrolysis (above) and the

simplified hydrolysis (below).
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2. Chromatogram illustrating the separation of monosac-

charides by aqueous HPLC. The curves show the influence

of acidic hydrolysis.
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temperature of 163°C.
Orange liquor from Peterson Linerboard was used as the

source of polysulfide. Different levels of anthraquinone (AQ)
were added in the cook to increase the pulping yield.The alka-
li charge was 18% EA (as NaOH) on o.d. wood, and the H-factor
was 950 ±50 (kappa no. 50–70).The cooks were performed as
detailed elsewhere [8], and the pulping yield was measured
gravimetrically.

We analyzed five mill pulps from polysulfide cooks with dif-
ferent AQ contents (varying from 0% to 0.06% on o.d. wood).
The samples were washed, and any large knots were removed
by hand because knots hydrolyze poorly. The number of
removed knots was always small. The kappa number of the
selected pulps did not exceed 75.

RESULTS AND DISCUSSION
Enzymatic and acidic 

hydrolysis
As TTaabbllee  II shows, the yield after enzymatic hydrolysis is approx-
imately 85%. To further increase the hydrolysis yield, we per-
formed a relatively mild TFA hydrolysis. FFiigguurree  22 shows a typical
chromatogram for a sample at different TFA concentrations in
the secondary hydrolysis. As Table I and Fig. 2 show, the acid
hydrolysis step is needed to completely degrade oligosaccha-
rides, especially for xylan and glucomannan.

Most of the increase in the hydrolysis yield is attributable to
the higher yield of glucomannan, although a slightly higher
yield in xylan contributes to some extent.The cellulose fraction
of the hydrolyzed pulp also decreases somewhat as a result of
the degradation of glucose.

Simplified procedure
To save time and labor in the method, we used only one HPLC
run for each pulp analysis. If we assume that the peak at
28.5–30 min is mainly caused by unhydrolyzed fragments of glu-
comannan (i.e.,a glucomannan oligosaccharide), it is possible to
simplify the procedure. First, we find the sum of the relative
areas of the mannose peak and the peak assigned to the gluco-

mannan oligosaccharide at no acid hydrolysis.This sum corre-
lates well with the relative area for mannan obtained at opti-
mum hydrolysis.

The correlation factor for these areas is defined as w
tot

/w
enz

.
The variable w

tot
is the maximum amount of anhydrosaccharide

detected.The variable w
enz

represents the amount of hydrolyzed
anhydrosaccharide and the corresponding oligosaccharide frag-
ment after enzymatic hydrolysis.

The correlation factors for glucan (cellulose),xylan,and man-
nan (glucomannan) were found to be 1.010±0.004, 1.11±0.04,
and 1.07±0.03, respectively, at 95% confidence (with 22 pulps
analyzed). When the simplified method and the method using
enzyme and TFA hydrolysis were compared, no significant dif-
ferences were found.

Comparison with the TAPPI method
We analyzed four different pulps using pure enzymatic hydroly-
sis, complete hydrolysis with TFA, the simplified method, and
the TAPPI method.The hydrolysis yield for enzymatic hydrolysis
is very high (90–96%), which corresponds to results in a study
performed by Dahlman et al. [13]. FFiigguurree  33 shows that both the
TAPPI method and the complete hydrolysis with enzyme and
TFA gave comparable results.

Even though TFA is considered more suitable than strong
mineral acids for the second hydrolysis, it decomposes the
monomers to some extent. Xylose (or xylan) and glucan (or cel-
lulose) are degraded more with increasing TFA concentration
than is mannan (or glucomannan) [16]. Albersheim et al. have
found similar results [17].These conditions are probably more
pronounced with the use of sulfuric acid, indicating that the
TAPPI method may underestimate the xylan content in soft-
wood.

Figure 3 shows that the values for xylan content of softwood
pulp hydrolyzed according to the TAPPI method are underesti-
mated by 12±7% compared to the enzymatic hydrolysis
method. Recalculated data from Dahlman et al. [13] show that
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the TAPPI method underestimated xylan
by 12±4%.

Hardwood pulps may respond differ-
ently to acidic hydrolysis, partly because
the hemicelluloses in hardwood and soft-
wood are different [22] and partly
because the content of xylan in hard-
woods is about twice the content of
xylan in softwoods. Nevertheless, Fig. 3
shows no significant difference between
the traditional TAPPI analysis and the
methods presented here (the complete
and the simplified procedures) when
eucalyptus pulps are analyzed.

Pulping yield measurements
Without considering pulping conditions,
we used the carbohydrate composition
method to estimate the kraft pulp yield
in both laboratory and mill experiments.

LLaabboorraattoorryy  eexxppeerriimmeennttss.. Plots of yield
vs. kappa no. are often used to evaluate
the yield gain [23].However, a single plot
is not sufficient if yield-increasing addi-
tives like polysulfide are used in the
pulping process.

FFiigguurree  44 shows how the use of vari-
ous additives affects the pulping yield. If
the addition of anthraquinone or poly-
sulfide varies, the linear regression curve
shifts. Consequently, the relationships
between the yield and the kappa number
are only valid if the pulping liquor com-
position is identical to the conditions
used when the calibration curve was
obtained.

As a result, it could be useful to find a
method for estimating yield that does not
need process conditions as input vari-
ables.When yield-increasing additives are
used, glucomannan is the main polysac-

charide contributing to the increase in
pulping yield in softwood [24], as FFiigg..  55
shows.The prediction error in the pulp-
ing yield in the glucomannan model was
at maximum of 0.3% on o.d. wood.

MMiillll  eexxppeerriimmeennttss.. To see if the gluco-
mannan model can be used in continu-
ous digesters, we analyzed five industrial
kraft pulps from Peterson Linerboard.
This mill applies polysulfide and
anthraquinone in the cooking process
and utilizes both spruce and pine. The
pulping conditions were approximately
constant during the testing period. The
only variable that was changed in the
trial period was the anthraquinone addi-
tion. In the laboratory, each 0.01% addi-
tion of AQ on o.d. wood increased the
pulping yield by 0.1% on o.d. wood [25].

FFiigguurree  66 shows that the yield increase
was determined to be between 0.3% and
0.6%, as expected. In the figure, these
results are compared to the yield
obtained by the mass balance deter-
mined over one year of production.As a
reference,we use a pulp made with poly-
sulfide and without anthraquinone. The
estimated increase in the mill yield
obtained by mass balances was 0.5% on
o.d. wood at normal production condi-
tions.

The mill conditions denoted as “PS +
AQ (low)” represent a typical condition
for the mill. The calculated mill yield
obtained by mass balances is close to the
estimated yield obtained by carbohy-
drate composition.These results indicate
that the model can be used to estimate
short-term variations in yield in the mill.

CONCLUSIONS
A linear correlation was found between
lignin-free pulping yield and the content
of glucomannan in the pulp.This model

can be used to estimate the yield gain in
continuous digesters. Usually, the yield
gain has to be calculated from the mass
balances determined for the pulp mill
over a period of at least three months.

A simple and precise method for
quantifying carbohydrates in pulps has
been developed. Enzymatic hydrolysis of
the pulp is followed by a controlled sec-
ond hydrolysis with TFA, and HPLC is
used for quantification.There is no need
for any pulp pretreatment or monosac-
charide derivatization. The carbohydrate
analysis can be implemented to estimate
the yield in continuous digesters or to
determine the hemicellulose content of
the pulp. TJ
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INSIGHTS FROM THE AUTHORS
One problem that has interested the pulp industry is
estimating the pulping yield in continuous digesters.
Considering Peder Kleppe's findings in the 1970s, it felt
natural to investigate whether a more precise and
accessible method for carbohydrate determination
could improve on his simple mannan model.

The question of how to determine pulping yield in
continuous digesters has been addressed for a long
time, by several research groups. We hope that the sim-
plicity of the method we have applied can make it more
useful for mill applications. Also, to our knowledge,
other research groups have not studied kraft pulps
manufactured using industrially relevant mill-enhanc-
ing additives like polysulfide.

In this work, the analytical challenge proved to be the
most difficult aspect. Our first goal was to develop an
alternative method for determining the carbohydrate
composition of kraft pulps, using alternative analytical
equipment. A lot of work was put into making the analy-
sis procedure both accurate and repeatable.

The most interesting discovery was the low
importance of the cellulose yield on total pulp-
ing yield. Considering that about 90% of the
cellulose is retained during the kraft cook, this
should not be very surprising, but very often
the importance of the hemicelluloses is over-
looked, since they usually make up only 15-
20% of the total pulp carbohydrates.

With the work we developed here, kraft mills using
continuous digesters can estimate the yield gain when
yield-increasing additives are introduced in the cook-
ing process. Our method can also be used to estimate
the yield change when one or a number of process
parameters are changed.

The next step in this research is to improve the yield
determination method. This means that we want to test
several wood species and pulping conditions (e.g.
modified cooking, residual alkali). In addition, the pre-
cision of the method should be improved by adding
another pulp property to the model, such as viscosity.
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