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ABSTRACTS 

The influence of operational variables on the pulp yield and lignin dissolution of Cyperus articu-

latus was studied. The study was aimed at optimizing pulping variables and selecting suitable 

delignification conditions for the production of pulp and paper from the plant. Cyperus articula-

tus chips were delignified in a laboratory pulpwood digester under the soda pulping process us-

ing the following pulping conditions: time (30 – 150 minutes), temperature (120 – 150oC), liquor 

to solid ratio (10:1 – 20:1) and concentration of cooking liquor (4 – 6% caustic soda). Experi-

mental data were fitted into a central composite design and the polynomial equation derived re-

produced the pulp yields and the residual lignin contents with errors less than 6%. Optimum 

pulp yields were obtained using low values of the process variables while the reverse was the 

case for the residual lignin. Pulping at high temperatures for a short cooking time with low to 

medium concentration of pulping liquor gives the best compromise for both pulp yield and resid-

ual lignin content. 
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INTRODUCTION 

Paper can be produced from virtually any cellu-

lose containing material. Cellulose, one of the 

most abundant organic substances available, 

forms the major component of most plants and 

is constantly replaceable. In the manufacture of 

pulp and paper, cellulose fibres are liberated 

from the matrix of lignin which cements them 

together. Fiber liberation can be achieved by 

heat, mechanical, chemical, biochemical means 

or a combination of any of these (Haygreen and 

Bowyer, 1982). 

The mechanical process involves both com-

pression and friction of wood chips or logs 

which produces heat that softens the lignin thus 

releasing the fibers. In some processes, the 

wood chips are preheated before the mechani-

cal treatment (Casey, 1960; James and Ray-

mond, 1970). The paper produced in the me-

chanical process is weak and non-permanent 

because it contains high lignin and relatively 

little cellulose. 

In the chemical pulping, chemical reagents are 

used to effect separation of the cellulose fibers 

from the lignin matrix and other components 

(Gierer, 1985). In principle, wood chips are 
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digested with suitable chemicals at elevated 

temperature and pressure using appropriate 

liquor to solid ratio. The chemical process has 

comparative advantage over the mechanical 

process in that the paper produced is stronger 

and permanent because of its low lignin con-

tent. The successful operation of the chemical 

pulping processes depend on certain opera-

tional variables such as time, temperature, con-

centration of cooking liquor, chip size and liq-

uor to solid ratio (Iglesias et al., 1996; Jime´nez 

et al., 2008). The selection of suitable delignifi-

cation conditions and optimization of process 

variables are therefore highly essential for pulp 

and paper production by the chemical pulping 

processes. Kinetic modeling based on mathe-

matical design have been used as a way of opti-

mizing operating condition in pulping proc-

esses (Tjeerdsma et al., 1994). However, this 

model becomes too complex when more than 

two independent variables are involved. A 

more recent approach is the use of central com-

posite factorial design (Aknazarova and 

Kafarov, 1982). The factor design is preferred 

to kinetic modeling because of its simplicity 

especially when several variables are involved. 

It allows the development of empirical models 

involving several independent variables in or-

der to identify patterns of variation in the de-

pendent variables of various pulping processes 

as applied to diverse vegetable materials 

(Vazquez et al., 1995; Vega et al., 1997; Gilari-

anz et al., 1999; Jimenez et al., 2000, Jimenez 

et al., 2008) 

Cyperus articulatus is a non-wood mat-making 

plant whose fiber characteristics and soda pulp-

ing was reported recently (Ogunsile et al., 

2007). The present study was aimed at evaluat-

ing the influence of operating variables on the 

pulp yield and lignin dissolution of this plant 

using a central composite factorial design. 

 

MATERIALS AND METHODS 

Cyperus articulatus was collected along the 

riverine area of Ikorodu in Lagos state. The 

plant was manually cut into chips of about 2-

4cm long, sun-dried and stored at room tem-

perature in a polythene bag. Soda cooking liq-

uor was prepared from a standard concentrated 

solution of sodium hydroxide by serial dilution 

with de-ionized water. The plant samples were 

pulped in a 10-litre electrically heated, thermo-

statically controlled stainless steel digester. 

Chips from the Cyperus articulatus were 

weighed and charged into the digester with the 

required amount of chemical solution at liquor 

to solid ratio of 10:1 and 20:1. The digester was 

heated to the operating temperatures (120oC 

and 150oC) and time (30 - 150 minutes), which 

was then maintained throughout the experi-

ment. The resulting pulp was thoroughly 

washed with tap water and the pulp yield was 

determined gravimetrically after drying at 

102oC to constant weight in the oven. The 

pulps were analyzed for Kappa number as de-

scribed in TAPPI standard (1993). The residual 

lignin was estimated from the Kappa number 

by multiplying with a factor of 0.13 (TAPPI, 

1993). 

 

The central composite factorial design 

The central composite factorial design was em-

ployed to evaluate and quantify the effect of the 

operational variables on the pulp yields and 

residual lignin. The effect of the variables were 

quantified more precisely by choosing part of 

the experimental results and grouping them to 

form a first order full factorial design, with 

variables at two levels (24).  Using this design, 

some of the experimental data were fitted to a 

first order polynomial regression equation as 

implemented in the "SPSS" statistical package. 

Individual and second order interaction influ-

ences over the response surface of the inde-

pendent variables were evaluated (Aknazarova 

and Kafarov, 1982). 

The mathematical model was: 

           43434224

3223411431132112443322110

XXaXXa

XXaXXaXXaXXaXaXaXaXaaY
(1) 

Journal of Science and Technology  © KNUST April 2010 

Ogunsile 96 



The response variable Y represents the pulp 

yield and residual lignin. The independent vari-

ables X1, X2, X3, and X4 correspond to liquor to 

solid ratio LS, time, temperature and concentra-

tion of cooking liquor respectively. The ranges 

of values for each independent variable were: 

LS, 10:1 to 20:1, time, 30-150 minutes, tem-

perature, 120-1500C and concentration, 4-6% 

NaOH solution.     

The values of the independent variables were 

normalized from –1 to +1 by using the equation  

)(

)(2

minmax XX

XX
Xn (2) 

Where: 

Xn is the normalized value of LS, time, tem-

perature and concentration, 

X is the absolute experimental value of the vari-

is the mean of all the experimental values 

for the variable in question  

Xmax and Xmin are the maximum and minimum 

values respectively of such a variable. 

RESULTS AND DISCUSSION 

The composition of the sun-dried sample was 

determined to be 40.9% cellulose, 24.3% lignin 

and 6.9% ash. The alcohol-benzene extractives, 

cold water solubles, hot water solubles, and 1% 

NaOH solubles were 6.52%, 12.03%, and 

26.6% respectively. The fiber was 1.5mm long, 

22.2µm wide and 6.1µm thick (Ogunsile et al., 

2007). The experimental design (24 factorial 

designs) together with the pulp yield and the 

residual lignin are presented in Table 1. Experi-

ments 1-16 allowed the calculation of different 

parameters in the regression equations ai and aij.  

These were subsequently subjected to a T - test 

to check their significance at 90 to 95% confi-

dence level using the experimental error esti-

mated from the replication at the central point 

of the design, that is, experiments 17, 18 and 19 

of Table 1. The values of experiment 12 was 

corrected by extrapolation. The central point of 

the design corresponds to the following reac-

tion conditions: 

Liquor to solid ratio, LS = 15:1, 

Time = 90 minutes, 

Temperature = 135oC 

Concentration = 5% soda 

Table 1: Experimental design and result for yield and residual lignin 

  Experiment 
LS Time Temperature Concentration Yield Lignin 

X1 X2 X3 X4 (%) (%) 

1 -1 -1 -1 -1 30.2 4.31 

2 1 -1 -1 -1 27.7 4.00 

3 -1 1 -1 -1 27.8 3.65 

4 1 1 -1 -1 25.0 3.28 

5 -1 -1 1 -1 26.6 3.39 

6 1 -1 1 -1 24.4 3.50 

7 -1 1 1 -1 21.8 1.73 

8 1 1 1 -1 21.4 1.92 

9 -1 -1 -1 1 28.6 3.26 

10 1 -1 -1 1 26.9 2.96 

11 -1 1 -1 1 23.8 2.70 

12 1 1 -1 1 20.5 1.63 

13 -1 -1 1 1 27.3 2.69 

14 1 -1 1 1 24.4 2.58 

15 -1 1 1 1 21.0 2.60 

16 1 1 1 1 20.7 1.69 

17 0 0 0 0 27.7 2.01 

18 0 0 0 0 28.3 1.96 

19 0 0 0 0 27.8 1.93 

Journal of Science and Technology  © KNUST April, 2010 

Effects of operational variables on the  pulp yield... 97 

X



All normalized independent variables for the 

central points of the design are zero. 

  Yield Residual Lignin 

α0 27.93 1.97 

α1 -1.01 -0.17 

α2 -2.13 -0.47 

α3 -1.43 -0.36 

α4 -0.73 0.35 

α12 (-0.16) (-0.10) 

α13 (-0.28) (-0.08) 

α14 (-0.02) (-0.13) 

α23 (-0.09) (-0.06) 

α24 -0.52 (-0.11) 

α34 0.63 0.23 

α44 -3.05 0.9 

Table 2: Signicative regression parameters 

The non-significant parameters at 0.1 levels are in 

parenthesis 

The coefficients of the model equations and the 

statistical parameters establishing their validity 

are summarized in Table 2. The dependent vari-

ables (i.e. pulp yield and residual lignin) were 

related to the independent variables through the 

following equations: 

2
443424321 05.363.052.073.043.113.201.1  93.27  Yield XXXXXXXXX

2
443424321 05.363.052.073.043.113.201.1  93.27  Yield XXXXXXXXX (3) 

 9.023.035.036.047.017.097.1Lignin    sidualRe 2
4434321 XXXXXXXResidual Lignin 

  9.023.035.036.047.017.097.1Lignin    sidualRe 2

4434321 XXXXXXX (4) 

Values calculated from the respective polyno-

mial equations above were plotted with the 

experimental results for the different response 

variables as shown in Figures 1a and b. 
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Fig. 1a:  Correlation between experimental and calculated values of (a) pulp yield 
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Calculated lignin
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Fig. 1b:  Correlation between experimental and calculated values of ((b) residual lignin  

The results showed good correlation between 

the experimental values and those predicted by 

the models. 

 Pulp yield: Equation 3 allows the estimation 

of the variation of the yield with changes in 

each independent variable over the range con-

sidered while the other three remain constant. 

Non-significant parameters were dropped to 

obtain simpler equations. The equation showed 

that all the operation variables, namely, the LS, 

time, concentration and temperature had sig-

nificant influence at 90% confidence level on 

the pulp yield. Also, on the pulp yield, there 

were significant interactions between time and 

concentration on one hand and temperature and 

concentration of the cooking liquor on the other 

hand. The lowest pulp yield (19.7%) was ob-

tained at large values of the four process vari-

ables (i.e. +1 for all).  If yield similar to chemi-

cal pulp is desired, then all the process vari-

ables must be at normalized values of +1.  

However, this lowest yield can be raised to 

25% by using a lower pulping time (-1 normal-

ized value). Pulping at a lower time will reduce 

the degradation effects of temperature and 

pulping liquor on the cellulose.  This will also 

result in some energy savings in addition to 

increasing the pulp yield. The highest obtain-

able yield was 30.3%, which occurs at low val-

ues of the process variables (-1 for all).  The 

maximum and minimum variations in the high-

est pulp yield were caused by changes in time 

(a change of 5.3 units) and concentration (a 

change of 0.2 unit) respectively, the effects of 

temperature (2.64 units) and LS (2.01 units) lie 

in between. 

Delignification. The minimum lignin content, 

according to equation 4, was obtained at high 

values of cooking time, temperature and cook-

ing liquor (+1 for all). Under this condition, the 
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maximum variation in the minimum residual 

lignin value was caused by a change in pulping 

time (0.94 units) followed by LS, temperature 

and concentration respectively. The lowest re-

sidual lignin content (1.73%) can be decreased 

further to 1.36% by setting the concentration to 

a value of +0.5 unit. Pulping at high tempera-

tures for a short cooking time with low to rela-

tively high concentration of pulping liquor 

would give the best compromise for both pulp 

yield and residual lignin content. 

Ratio of dissolved lignin to weight losses. The 

ratio of the dissolved lignin to the weight losses 

as presented in Table 3 can be used to estimate 

the quantity of lignin present in the pulp pro-

vided the pulp yield is known. The result 

showed that the values were relatively constant 

irrespective of the duration or time of cooking. 

The average ratio of the dissolved lignin to the 

weight loss was 0.13 (Table 3) compared to a 

value of about 0.4 reported for Miscanthus 

sinensis (Iglesias et al., 1996). The differences 

in the values may be attributed to the nature of 

the material concerned, the amount of lignin 

present and the ease of lignin dissolution. The 

constant values seem to suggest that solubiliza-

tion and delignification take place at the same 

rate. 

 

CONCLUSION 

The effects of operational variables on the pulp 

yield and residual lignin were evaluated using a 

central composite model. The equation showed 

that the LS, time and temperature had signifi-

cant influence on the pulp yield while concen-

tration of the cooking liquor did not. The low-

est pulp yield was obtained at large values of 

the four process variables. Pulping at a lower 

time will reduce the degradation effects of tem-

perature on the cellulose.  This will also result 

in some energy savings in addition to increas-

ing the pulp yield.  The maximum and mini-

mum variations in the highest pulp yield were 

caused by changes in time and concentration, 

respectively. The minimum lignin content was 

obtained at high values of the operational vari-

ables. Pulping at high temperatures for a short 

cooking time with low to relatively high con-

centration of pulping liquor gives the best com-

promise for both pulp yield and residual lignin 

content. The ratios of the dissolved lignin to the 

weight losses were relatively constant irrespec-

tive of the duration or time of cooking. 
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