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ABSTRACT

A central composite factorial design was used to examine the infl uence of independent variables 
of kraft pulping of Crimean Pine wood chips at 50 Schopper-Riegler (oSR) level.

Second order polynomial regression equations related each dependent variable to the diff erent 
independent variables were obtained that reproduced the experimental results for the PFI beating 
revolutions, breaking length, burst index, tear index, stretch and brightness at 50 oSR obtained 
at sulphidity, H-factor and active alkali rates over the ranges 15-45%, 800-2400 and 14-22% 
respectively, with average errors less than %20.

To minimize environmental eff ects of sulphide and acceptable levels of the properties of the 
paper sheets, low sulphidity rate, high H-factor and medium alkali concentration can be used.

KEY WORDS: kraft pulping, modelling, Crimean Pine, paper properties 

INTRODUCTION

Until 1950’s sulphite method was the most production rate, but now it has 10% of total 
pulp production in the world. Currently, the most pulp and paper production is being done with 
kraft pulping method (Johansson et al. 1987). Kraft pulping of wood is very complex process 
with several stages in homogeneous phase. Th ere are a lot of factors which eff ect and determine 
the process and product quality. Among these, as pulping temperature, time at temperature, 
sulphidity rate, alkali charge, wood to liquor ratio are the most important independent variables 
aff ecting the cooking process (Bojana and Kopitovič 1995). 

Most of the annual plant and hardwoods have short fi bres; whereas softwoods have generally 
long fi bres. For that reason, it is known that softwoods have a special importance in paper and 
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board industry (Anonym 2000). Resources of Crimean pine (Pinu negra) are largely available in 
the Northwest Region of Turkey. Crimean pine areas are 2.200.000 ha. (Karadağ 1999). Altough 
modelling of the Crimean pine kraft pulping results did not studied before.

Modelling the pulping process supports decision-making by allowing estimation of pulp quality 
and calculation of operational costs under diff erent process conditions. Th e most important process 
parameters can be determined and used to facilitate process engineering and safety precautions. 
Especially empirical models describing the infl uence of the independent variables, on dependent 
variables, were derived from the experimental data. Th ese models were used to fi nd the optimum 
conditions for delignifi cation. Many examples of pulping models are found in the literature. Most 
studies concern mathematical models based on empirical results (Hotton 1973). 

Th ese empirical models are to be preferred to theoretical ones as the latter become rather 
complex when more than two independent variables are involved (Jimenez et al. 2001).

Such a model is most often based on a time-temperature study, resulting in an equation 
that gives the lignin dissolution as a function of the time and temperature variable known, as 
Vroom (Vroom 1957) referred to the H-Factor. Th e result of pulping depends on a great number 
of variables among which the most important is the time-temperature variable and the alkali 
concentration in cooking liquor (Masura 1999). 

Th e objective of this work is to develop a mathematical model in which the three important 
kraft pulping process variables – sulphidity rate, H-factor (combined time and temperature) and 
active alkali charge – are used to predict paper sheets quality made by Crimean Pine wood. Th e 
response variables are beating revolution, breaking length, stretch, burst index, tear index and 
brightness. Consequently a central composite design was used for the experimental layout.

MATERIAL AND METHODS

Raw Material
Air-dried Crimean Pine woods were (Pinus nigra Arnold sbsp. pallassiana) obtained from four 

diff erent geographic zone of West Black sea region of Turkey, the chemical composition of which 
were presented in Tab. 1.

Tab. 1: Chemical Composition of Crimean Pine Wood

Analysis of raw material, pulps and paper sheets
Th e chemical analysis of the untreated wood samples and products were characterized according 

to the following standard methods: holocellulose (Wise and John 1952), method (Wise and John 
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1952), lignin (Tappi 211 om-88), cellulose (Kurschner-Hoff er’s nitric acid method) (Browning 
1967), α-cellulose (Tappi 203 os-61), ash (Tappi 211 om-85), solubility in alcohol-benzene (Tappi 
204 om-88), solubility in %1 sodium hydroxide (Tappi 212 om-88), solubility in cold and hot water 
(Tappi 207 om-88), Shopper-Riegler index (Scan-c 20:65), breaking length and stretch (Tappi 404 
om-92), burst index (Tappi 403 om-91), tear index (Tappi 414 om-88) and brightness (Tappi 452 
om-92). In order to perform uniform pulping conditions the starting materials were chipped as 20 
x 20 x (20-40) mm., air-dried and used for pulping.

Pulping and hand-sheet making
Crimean pine wood chips were pulped in a laboratory type rotary digester that was heated 

electrically and governed with digital temperature control system. Pulps obtained from the trials 
were washed, disintegrated in a laboratory type pulp mixer with 2 liters capacity and screened on a 
Noram type pulp screen with 0.15 mm slotted plate.

Beating of the produced pulp was done in a PFI mill at constant 50 oSR. Th en, handsheets 
were prepared with Frank’s Rapid Köthen paper machine according to Zellcheming Marlblat 108 
standard method. Handsheets were conditioned according to Tappi T 402 om-88 procedure and 
their physical and optical properties were tested with relevant standard methods (bursting index: 
Tappi T 403, tearing index: Tappi T 414 om-88, breaking length and stretch: Tappi T 494 om-88 
and brightness: Tappi T 452 om-92).

Experimental design
A central composite experimental design was used to outline the composition of the experimental 

process condition around a central combination. Th e tested model uses a series of points (experiments) 
around a central one (the central experiment) and several additional points (additional experiments) 
on the axes to allow estimation of the fi rst- and second-order interaction terms of a polynomial. Th is 
design satisfy the general requirement that all parameters of a polynomial model can be estimated 
without the number of observations becoming excessive, and that the observations be spread fairly 
evenly over the experimental region of interest (Montgomery 1998, Mead 1994).

In this study 2m central composite design were used with three dependent variables, Sulphidity 
rate (S), Vroom’s H-factor (H) (Vroom 1957) and active alkali charge (A). Based on the following 
equation (Press et al. 1992);

n = 2m + 2m +1 (1)

Where m is the number of independent variables, the total number of observations (experiments) 
was found to be 15.

Th is design allowed determination of the eff ects of degree two or less on the dependent variables 
RV (beating revolution), BL (breaking length), ST (stretch), BI (burst index), TI (tear index) and 
BR (brightness). Th e experimental data was fi tted to the following second-order polynomial;

Z = a + bXS + cXH + dXA + eXS
2 + fXH

2 + gXA
2 + hXSXH + i XSXA + jXHXA (2)

Where Z denotes response variables (dependent variables), XS, XH and XA the normalized 
values of S, H and A, and letters a - j show constants.

Th e values of the independent variables were normalized from –1 to +1 by using Eq. (3) in 
order to facilitate direct comparison of the coeffi  cients and visualising of the eff ects of the individual 
independent variables on the response variable;
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 (3)

Where Xn is the normalized value of S, H or A; X is the absolute experimental value of the 
variable concerned;  is the mean of all the experimental values for the variable in question; and 
Xmax and Xmin are maximum and minimum value, respectively, of such a variable. Th is normalization 
also results in more accurate estimates of the regression coeffi  cients as it reduces interrelationship 
between linear and quadratic terms (Aknazarova and Kafarov 1982).

Th e 15 experiments conducted together with the corresponding normalized values for the 
independent variables are given in Tab. 2.

Tab. 2: Conditions used in kraft pulping of Crimean Pine and experimental results for the beating 

revolution and properties of the paper sheets obtained 

RESULTS AND DISCUSSION

To determine the mean values of the independent variables (30% sulphidity rate, 1600 
H-factor and 18% alkali charge) a lot of preliminary experiments was conducted. The 
experimental results obtained in the determinations of the dependent variables are in listed 
in eight rows, Tab. 2 along with the mean value. The other experiments, corresponding 
to the experimental design adopted, provided the results shown in the other rows. The 
independent variables were varied over the following ranges; 15-45% sulphidity rate, 
800-2400 H-factor and 14-22% active alkali charge. A constant liquid/solid ratio (1/4) was 
used in all experiments.

The SPSS 10.0, statistical software package (SPSS Production facility 1997) was used 
to conduct a multiple linear regression analyses involving all the terms of Eq. (2) using 
backward method. The coefficients of the terms in the equations, F-values and R2 values 
for the f itted lines, are shown in Tab. 3.
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Tab. 3: Coefficients of the equations that relate the dependent and independent variables 

For example, calculated brightness values were obtained from the Eq. (4) with errors less than 
maximum %13.

BR = 19, 87 – 1, 4 XS + 2, 79 XA + 1, 28 XHXA (4)

Th e steepest ascent method (Press et al. 1992) was applied to Eq. (Karadağ 1999) in order 
to determine the maximum brightness value over the ranges studied for the process variables 
(normalized values from –1 to +1 for all); the maximum brightness value for a high H-factor and 
alkali charge, in addition to low sulphidity concentration was 25.34% (Tab. 4).

It seems from Tab. 4 that Eq. (Karadağ 1999) allows estimating of the variation of the brightness 
value with changes in each independent variable over the range considered on constancy of the other 
two variables. With constant sulphidity rate, H-factor and alkali charge at their normalized values –1, 
+1 and +1 respectively, the maximum changes in brightness value from variation of the active alkali 
charge (3,57 units or 14.09% with respect to the maximum value) and the smallest ones from the 
H-factor (1,28 units or 5,05%) and from the sulphidity charge (1,4 units or 5,52%); the brightness is 
thus much more sensitive to changes in alkali charge than in H-factor and sulphidity rate (Fig. 1).

Fig. 1: Brigtness values variations H-factor and active alkali charge at short sulphidity rate (15%)
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From the foregoing it follows that, with a low value of H-factor in addition to a low sulphidity 
and high alkali charge, the brightness decreases to 24,06%, i.e., by only 5,05% with respect to its 
highest level (25,34%). 

Th e equations that relate the dependent variables to the independent ones reproduce the 
results for the former with errors less than 16%, beating revolution and excepted stretch as 
shown in Tab. 4. Beating revolution didn’t eff ect the sulphidity charge for kraft pulps at the 
constant oSR. For minimum calculated beating revolution value, it is advisable to use high 
H-factor and alkali charge (normalized values of +1); thus the lowest revolution value obtained 
is 423 rv/min. At the lowest beating revolution level, changes in value are more sensitive to 
variations of H-factor (428.38 units or 101.27%) and active alkali charge (544,38 units or 
128,7%) than highest beating revolution value (999 rv/min). 

Th e results of the Tab. 4 were obtained by using a similar procedure with the other dependent 
variables. Fitted values for burst index, beating revolution and breaking length, calculated from 
the estimated polynomial equations, were compared with the experimental results for dependent 
variables and showed in Fig. 2, Fig. 3 and Fig. 4 respectively. When compared with the literature 
for paper sheet properties, the models give acceptable fi t for the pulping data as indicated by R2 
values of 0,79%, 0,86%, 0,70%, 0,92%, 0,70% and 0,86% for beating revolution, breaking length, 
stretch, burst index, tear index and brightness respectively. Th e somewhat lower values for some 
dependent variables are most likely due to the high sensitivity of them dependent to diff erences in 
pulping and especially papermaking conditions which were probably not captured by the model.

Fig. 2: Actual dependent beating revolution values versus predicted from model equation

Fig. 3: Actual dependent breaking length values versus predicted from model equation
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Fig. 4: Actual dependent burst index values versus predicted from model equation

Also the optimum (the highest values except beating revolution) values of the dependent 
variables, as well as the corresponding values of the independent variables related to them 
can be seen in Tab. 4. It shows the variation of the dependent variables which changes in 
each independent variable from –1 to +1 on constancy of all others at the values required 
obtaining the optimum values of the dependent ones; values are expressed in units of the 
dependent variable concerned and as percentages relative to the optimum values of the 
dependent variables.

In Tab. 4, the H-factor level and the active alkali charge are most strongly inf luencing 
all the dependent variables, low sulphidity charge or not must be used in order to ensure 
optimal resulting paper properties. Also, the use of a high H-factor is recommended except 
tear index and breaking length as can be seen in Fig. 5 and Fig 6. To obtain maximum 
tear index, low sulphidity rate and H-factor level and high alkali charge is recommended. 
Besides for minimum beating revolution and maximum breaking length, stretch and burst 
index, low active alkali concentration is more effective.

Fig. 5: Breaking lenght variations H-factor and active alkali charge at short Sulphidity rate (15%)
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Fig: 6. Tear index variations H-factor and active alkali charge at short sulphidity rate (15%)

CONCLUSIONS

Obtaining the optimum burst index, brightness, stretch of the paper sheets and beating 
revolution (4.46 k.Pa.m2/g, 25.34 %, 3.41 % and 423 rv/min. respectively) entails using maximum 
H-factor. Th e optimum tear index (12.28 mNm2/g) is achieved with a minimum sulphidity, low 
H-factor and high alkali charge. Maximum breaking length (7360 m) of the paper sheets was 
obtained at low sulphidity rate, H-factor level and alkali charge. While PFI beating revolution isn’t 
aff ected by sulphidity changes, the high Sulphidity rate (45 %) was recommended for obtaining the 
best burst index.

It is clearly stated that to minimize environmental eff ects of sulphide and acceptable levels of the 
properties of the paper sheets, low sulphidity rate, high H-factor and medium alkali concentration 
can be used.
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