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To improve the utilization rate of pineapple leaf and crop straw, and 
provide technical support for making biodegradable fiber mulch paper 
through organic cultivation, the process and properties of the degradable 
fiber mulch paper made from pineapple leaf and rice straw were studied. 
The degradable fiber mulch paper was prepared as a hybrid composite in 
which pineapple leaf fiber and rice straw fiber were used as raw materials, 
and environmentally friendly agents were added. A four-factor five-level 
quadratic orthogonal rotation central composite design of the response 
surface method was employed. The beating degree of pineapple leaf fiber, 
basis weight, addition ratio of pineapple leaf fiber, and wet strength agent 
content were process parameters; dry tension strength, wet tension 
strength, and bursting strength were objective functions. The optimal 
technology parameters of pineapple leaf and rice straw fiber mulch paper 
were 70 to 90 g/m2 basis weight of pineapple leaf fiber, 17% to 25% 
addition ratio of pineapple leaf fiber, 55 °SR beating degree, and 1.5% wet 
strength agent content. According to the tensile strength and bursting 
strength standards, the degradable fiber mulch paper made from 
pineapple leaf and rice straw was feasible. The results provide theoretical 
basis and technical support to use pineapple leaves and rice straw to 
make degradable mulch paper. 
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INTRODUCTION 
 

China has abundant straw resources, and the total output of various crop straw 

accounts for approximately 25% of the world’s straw output (Zhu et al. 2012; Guo and 

Huang 2016). However, single utilization of crop straw and low utilization efficiency has 

long been a problem. As of 2018, the theoretical quantity of straw resources in China was 

1.184 billion T, of which the collectable resources are approximately 736 million T, and 

the total amount of waste and incineration straw is approximately 237 million T. These 

high amounts have caused increasingly serious environmental pollution and social 

problems (Chen et al. 2015; Li et al. 2017). Chemical composition research has 

demonstrated that rice straw contains 31.51% cellulose, and it can be used to provide 

natural cellulose fiber (Ming et al. 2019a). Using rice straw as raw material to make plant 

fiber mulch paper can realize its high-value utilization and avoid environmental 

pollution—an ideal method of straw utilization. Compared with wood fiber, rice straw fiber 

has a high content of miscellaneous cells, a high ash content, short fiber length, and weak 

fiber strength. Therefore, the mechanical properties of pure rice straw fiber mulch paper 
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are poor (Ming and Chen 2020). To improve the tensile strength of mulch paper, rice straw 

fiber mulch paper can be prepared by mixing with wood fiber (Han et al. 2011; Abdoulaye 

2018). Using rice, corn, soybeans, and biogas residue fibers as raw materials, and 

conventional pulping and papermaking technology, biodegradable straw fiber mulch paper 

can be prepared by adding environmentally friendly functional addition agents (as shown 

in research led by Professor Haitao Chen of Northeast Agricultural University) (Chen et al. 

2014, 2015, 2018). The results showed that the straw fiber mulch paper entirely degrades, 

and it meets the mechanical strength of field mulching (Yuan et al. 2011; Li et al. 2013a; 

Chen et al. 2014, 2018). Hunan Papermaking Research Institute and the Bast Fiber 

Research Institute of the Chinese Academy of Sciences developed environmentally 

friendly bast fiber mulch paper. Dalian Institute of Light Industry developed kenaf straw 

mulch paper (Wu et al. 2004). However, secondary pollution is produced in the preparation 

process of wood fiber, and the cost is relatively high (He and Wang 2015). 

Pineapple leaf fiber is a natural plant fiber with good mechanical properties. In 

addition, it can be completely degraded. After extensive mechanical refining, its strength 

is greater than cotton fiber (Hazarika et al. 2017; Hamritha et al. 2020). Xu et al. studied 

the fiber morphology and chemical composition of pineapple leaves, and the results 

showed that pineapple leaves are a good long-fiber papermaking material (Xu et al. 1998). 

The average fiber length and the average fiber width of pineapple leaf fiber was found to 

be 2.6 to 2.9 mm and 5.7 to 6.9 m. Pineapple leaf fiber is composed of many tightly 

combined fiber bundles, and each fiber bundle is composed of a collection of 10 to 20 

single fiber cells. China is the world’s largest pineapple producer, with the planting area of 

70,000 hm2 and the total annual discarded pineapple leaves of 10 million metric tons (Wang 

et al. 2011; Asim et al. 2018). In recent years, with the expanding pineapple processing 

industry, the resulting pineapple waste has gradually increased. Currently, the utilization 

of pineapple waste in China is still low, and some areas (such as Yunnan and Fujian) use 

none of it (Li et al. 2013b; Rahman et al. 2019; Zhu 2019). The efficient and reasonable 

development and utilization of pineapple waste will not only solve the problem of resource 

waste, but also contribute to solving the problem of environmental pollution, thereby 

increasing the economic benefits of the pineapple industry. 

In this study, degradable fiber mulch paper was prepared using pineapple leaf fiber 

and rice straw fiber as raw materials. In addition, a wet strength agent and a neutral sizing 

agent were used to improve the mechanical properties of the degradable fiber mulch paper 

made from pineapple leaf and rice straw. This work sought to study the optimal technology 

parameters of the degradable fiber mulch paper made from pineapple leaf and rice straw. 

The response surface method (four-factor five-level quadratic orthogonal rotation central 

composite design) was applied to optimize the process parameters (beating degree of 

pineapple leaf fiber, basis weight, addition ratio of pineapple leaf fiber, and wet strength 

agent content) that affect dry tensile strength, wet tensile strength, and bursting strength. 

  
 
EXPERIMENTAL 
 

Materials 
Rice straw fiber produced by a D-200 straw fiber extruder (Northeast Agriculture 

University, Harbin, China) in the fall of 2019 was used as one of the raw materials (the 

average aspect ratio was in the range of 11.4 to 43.2, with the smallest component smaller 

than 1 mm and the largest component larger than 5 mm) (Ming et al. 2019b). Pineapple 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Ming et al. (2021). “Rice straw fiber mulch paper,” BioResources 16(2), 3454-3468.  3456 

leaf fiber, made by manually scraping, cleaning, and drying pineapple leaves (Chenjia 

Pineapple Processing Factory, Zhanjiang, China) in the spring of 2019, was used as another 

of the raw materials to maintain the mechanical strength (the average fiber length was 2.6 

to 2.9 mm, and the average fiber width was 5.7 to 6.9 μm) (Biswas and Nishat 2019). The 

wet strength agent used for tensile strength improvement (polyamide polyamine 

epichlorohydrin resin) was purchased from Xinghuo Chemical Plant (Mudanjiang, China). 

The neutral sizing agent used for hydrophobicity enhancement (alkyl ketene dimer, 

supplied as an emulsion of positively charged particles stabilized by a cationic polymer) 

was purchased from Jinhao Chemical Plant (Qingzhou, China) (Shi and He 2003). All the 

chemicals were of laboratory level, and triple distilled water was used for all solutions. 

 

Preparation of Fiber Mulch Paper 
   The beating of pineapple leaf pulp is different from beating ordinary grass materials. 

The pulp beating requires a large weight at the beginning of the process to cut the fibers into 

short lengths and then cause fiber cell wall fibrillation. Pineapple leaf fiber was beaten to 

form pulps with designated beating degree. Rice straw fiber was beaten to form pulps with 

40 °SR beating degree following Chinese Standard QB/T 24325 (2009). The wet strength 

agent and the neutral sizing agent were added to the pulp and homogeneously mixed (neutral 

sizing agent content of 0.7%). The mulch paper samples were prepared following Chinese 

Standard QB/T 24324 (2009) and were dried using a paper dryer at an applied pressure of 96 

kPa, temperature about 97 °C, and drying time 5 to 7 min. Drying mulch paper samples were 

conditioned at room temperature (23 ± 1 °C) and 50% ± 2% relative humidity for at least 24 

h before testing. The mechanical properties were tested according to Chinese Standards 

GB/T 12914 (2008), GB/T 465.2 (2008), and GB/T 454 (2002). 

 

Experimental Design 
The preliminary experiments were conducted according to a single factorial method 

to identify the major process parameters affecting the performance of the fiber mulch paper 

as beating degree (°SR), basis weight (g/m2), addition ratio of pineapple leaf fiber (%), and 

wet strength agent content (%). The following beating degree all refers to the beating 

degree of pineapple leaf fiber. 

The four-factor five-level quadratic orthogonal rotation central composite design 

of the response surface method was applied to study the effects and interactions of beating 

degree, basis weight, addition ratio of pineapple leaf fiber, wet strength agent content on 

dry tensile strength, wet tensile strength, and bursting strength of the mulch paper made 

from pineapple leaf fiber and rice straw fiber. Table 1 shows the five levels of beating 

degree (40 to 80 °SR), basis weight (50 to 90 g/m2), addition ratio of pineapple leaf fiber 

(5% to 25%), and wet strength agent content (1.0% to 1.8%). 

 

Table 1. Parameters Level Code 
 

Level Parameters 

Beating Degree 
x1 (°SR) 

Basis Weight 
x2 (g/m2) 

Addition Ratio of Pineapple 
Leaf Fiber x3 (%) 

Wet Strength Agent 
Content x4 (%) 

-2 40 50 5 1.0 

-1 50 60 10 1.2 

0 60 70 15 1.4 

1 70 80 20 1.6 

2 80 90 25 1.8 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Ming et al. (2021). “Rice straw fiber mulch paper,” BioResources 16(2), 3454-3468.  3457 

Equation 1 is a fitted empirical quadratic polynomial equation as shown: 

Y = β0 + β1x1 + β2x2 + β3x3 + β4x4 + β11x1
2 + β22x2

2 + β33x3
2 + β44x4

2 + β12x1x2 + β13x1x3 

+ β14x1x4 + β23x2x3 + β24x2x4 + β34x3x4                                                                                   (1) 

where y represents the response variable, β0 the intercept; β1, β2, β3, and β4 are the 

coefficients of the independent variables; β11, β22, β33, and β44 are the quadratic coefficients; 

β12, β13, β14, β23, β24, and β34 are the interaction coefficients; and x1, x2, x3, and x4 are the 

independent variables. Multivariate regression models, response surface analysis, and 

optimum analysis were performed using Design Expert software version 6.0.10.0 (Stat 

Ease Inc., Minneapolis, MN, USA).  

 

Table 2. Experimental Design and Results 
 

No
. 

Beating 
Degree 

x1 
(°SR) 

Basis 
Weight 

x2 (g/m2) 

Addition Ratio 
of Pineapple 
Leaf Fiber x3 

(%) 

Wet Strength 
Agent Content 

x4 (%) 

Dry 
Tensile 
Strength 
 y1 (N) 

Wet 
Tensile 
Strength 
 y2 (N) 

Bursting 
Strength  
y3 (kPa) 

1 -1 -1 -1 -1 12.3 3.7 79 

2 1 -1 -1 -1 16.8 5.7 87 

3 -1 1 -1 -1 16.2 5.9 91 

4 1 1 -1 -1 21.1 8.9 102 

5 -1 -1 1 -1 17.3 6.1 89 

6 1 -1 1 -1 18.1 7.2 93 

7 -1 1 1 -1 25.7 9.4 92 

8 1 1 1 -1 24.3 8.7 113 

9 -1 -1 -1 1 14.4 4.2 77 

10 1 -1 -1 1 19.2 8.1 84 

11 -1 1 -1 1 18.7 7.5 91 

12 1 1 -1 1 19.9 10.9 115 

13 -1 -1 1 1 22.2 9.2 96 

14 1 -1 1 1 25.6 11.7 121 

15 -1 1 1 1 37.9 14.5 143 

16 1 1 1 1 30.3 12.9 127 

17 -2 0 0 0 14.7 4.4 86 

18 2 0 0 0 21.5 6.1 92 

19 0 -2 0 0 13.1 4.1 97 

20 0 2 0 0 27.2 11.7 122 

21 0 0 -2 0 12.7 3.9 81 

22 0 0 2 0 28.1 12.2 119 

23 0 0 0 -2 13.2 4.3 70 

24 0 0 0 2 23.2 9.9 109 

25 0 0 0 0 19.7 8.7 89 

26 0 0 0 0 20.3 8.9 94 

27 0 0 0 0 21.1 9.3 92 

28 0 0 0 0 18.8 8.1 83 

29 0 0 0 0 19.3 8.6 99 

30 0 0 0 0 20.1 8.8 104 

31 0 0 0 0 23.7 10.1 112 

32 0 0 0 0 21.1 9.1 91 

33 0 0 0 0 24.2 11.7 97 

34 0 0 0 0 19.9 8.8 121 

35 0 0 0 0 23.3 10.7 111 

36 0 0 0 0 20.8 7.9 107 
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A value of P < 0.05 was considered statistically significant. Interactive effects of 

process parameters were found by 3D-response surface analysis of the process parameters 

and the objective function (Bezerra et al. 2008; Montgomery 2017; Matias-Guiu et al. 

2018). The 36 experiments, the values of dry tensile strength, wet tensile strength, and 

bursting strength at each experimental designed condition are shown in Table 2. 

 
 
RESULTS AND DISCUSSION 
 

Chemical Composition 
Table 3 shows the chemical composition characteristics of rice straw fiber and 

pineapple leaf fiber. 

 

Table 3. Comparing the Composition of Two Kinds of Fibers 
 

Compositions Rice Straw Pineapple Leaf 

Mass Fractions of Cellulose (%) 31.5 60.7 

Mass Fractions of Hemicellulose (%) 25.3 21.5 

Mass Fractions of Lignin (%) 15.4 7.0 

Mass Fractions of Pectin (%) 1.4 2.4 

Mass Fractions of Wax (%) 4.1 6.5 

Mass Fractions of Hydrotrope (%) 22.4 1.8 

Mass Fractions of Ash Content (%) 11.2 1.9 

 

Regression Models 
A four-factor five-level quadratic orthogonal rotation central composite design of 

the response surface method was adopted to optimize the manufacturing process 

parameters of the degradable fiber mulch paper made from pineapple leaf and rice straw.  

 

Table 4. Parameters Level Code 
 

Source 
Sum of 
Squares 

DF 
Mean 

Square 
F Value P Value Critical Value 

Dry 
Tensile 
Strength 

(N) 
 

Model 875.64 8 109.46 F2 = 29.08 < 0.0001 F0.05(8,27) = 2.31 

Residual 101.62 27 3.76    

Lack of fit 66.82 16 4.18 F1 = 1.32 0.3255 F0.05(16,11)=2.706 

Pure 
Error 

34.80 11 3.16    

Total 977.26 35     

Wet 
Tensile 
Strength 

(N) 
 

Model 226.84 7 32.41 F2 = 24.89 < 0.0001 F0.05(7,28) = 2.36 

Residual 36.46 28 1.30    

Lack of fit 23.22 17 1.37 F1 = 1.13 0.4262 
F0.05(17,11) = 

2.692 

Pure 
Error 

13.24 11 1.20    

Total 263.30 35     

Bursting 
Strength 

(kPa) 

Model 5549.67 4 
1387.4

2 
F2 = 12.34 < 0.0001 F0.05(4,31) = 2.682 

Residual 3486.33 31 112.46    

Lack of fit 2114.33 20 105.72 F1 = 0.85 0.6408 F0.05(20,11) = 2.65 

Pure 
Error 

1372.00 11 124.73    

Total 9036.00 35     
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The regression analysis was carried out to build an empirical relationship between 

process parameters and objective function. The regression model results indicated the best 

models were the 2FI model for dry tensile strength, the quadratic model for wet tensile 

strength, and the linear model for bursting strength. Table 4 shows the variance analysis of 

the regression models. 

The model P values were all less than 0.0001, showing that the models were highly 

significant, and there was only 0.01% chance of occurrence of the model F-value due to 

noise. The lack of fit was not significant, with P values greater than 0.05 for all three models. 

F0.05 means the F-distribution of upper 0.05 points. The F-distribution is dependent on the 

F-ratio of the DF of the variance in the numerator and the DF of the variance in the 

denominator. The model F-value (F2) was larger than F0.05, showing that the regression 

equation was extremely significant. The lack of fit F-value (F1) was less than F0.05, showing 

that the model fits well. 

The three regression equations are expressed by Eqs. 2 through 4: 

y1 = 20.72 + 1.01x1 + 3.18x2 + 3.90x3 + 2.35x4 - 1.03x1x2 - 1.26x1x3 + 1.36x2x3 + 

1.55x3x4                    (2) 

y2 = 8.90 + 0.71x1 + 1.58x2 + 1.72x3 + 1.44x4 - 0.77x1
2 - 0.69x1x3 + 0.65x3x4        (3) 

y3 = 99.33 + 4.00x1 + 8.25x2 + 9.33x3 + 7.75x4                                                      (4) 

where y1, y2, and y3 are dry and wet tensile strengths (N) and bursting strength (kPa), 

respectively; x1, x2, x3, and x4 are beating degree (°SR), basis weight (g/m2), addition ratio 

of pineapple leaf fiber (%), and wet strength agent content (%), respectively. 

For the regression equation established by the test data, the equation coefficients 

can be used to judge the degree that the process parameters effect objective function, 

referring to Xu’s calculation method of the importance of each parameter in multiple 

quadratic regression (Xu 1998). The contribution rate of each parameter to each objective 

function is shown in Table 5. 

 

Table 5. Importance of the Parameters Effecting Objective Function 

Source 
Dry Tensile 

Strength 
 y1 (N) 

Wet Tensile 
Strength 
 y2 (N) 

Bursting Strength  
y3 (kPa) 

Beating Degree 
x1 (°SR) 

1.66 2.24 0.71 

Basis Weight  
x2 (g/m2) 

1.81 0.98 0.93 

Addition Ratio of Pineapple 
Leaf Fiber x3 (%) 

2.30 1.80 0.95 

Wet Strength Agent 
Content 
 x4 (%) 

1.42 1.38 0.92 

 

The results showed the rank of contribution rate of the four process parameters on 

dry tensile strength was, from highest to lowest: addition ratio of pineapple leaf fiber, basis 

weight, beating degree, and wet strength agent content. The rank of the contribution rate 

of the four process parameters on wet tensile strength was, from highest to lowest: beating 

degree, addition ratio of pineapple leaf fiber, wet strength agent content, and basis weight. 

The rank of contribution rate of four process parameters on bursting strength, from highest 
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to lowest, was: addition ratio of pineapple leaf fiber, basis weight, wet strength agent 

content, and beating degree. 

 

Response Surface Analysis 
Interactive effects of four parameters on dry tensile strength 

Figure 1a displays the 3D response surface graph showing the interactive effect of 

the beating degree and basis weight on the dry tensile strength of the mulch paper with the 

other variables remaining constant (15% addition ratio of pineapple leaf fiber and 1.4% 

wet strength agent content). As shown, the dry tensile strength increased as the basis weight 

increased; however, the increase was not obvious at high beating degree. This phenomenon 

may have occurred because the dry tensile strength of the mulch paper was proportional to 

the number of fibers per unit area of the sample. As the basis weight increased, its increased 

effect on the mulch paper’s fiber number enhanced the bonding ability between the fibers 

and resulted in increasing dry tensile strength. However, the excessive beating degree 

shortened the fiber and weakened the strength of a single fiber; thus, the dry tensile strength 

decreased (Ikeda and Bao 1978; Ming et al. 2019c). With this decrease, the positive effect 

of the basis weight on the dry tensile strength was greater than the negative effect of the 

beating degree. Figure 1a also shows that the interactive effect of beating degree and basis 

weight had significant effect on dry tensile strength based on Eq. 2. The highest value of 

dry tensile strength was reached at 40 °SR beating degree and 90 g/m2 basis weight. 

The 3D response surface graph demonstrating the interactive effect of the beating 

degree and addition ratio of pineapple leaf fiber on the mulch paper’s dry tensile strength 

with other variables remaining constant (70 g/m2 basis weight and 1.4% wet strength agent 

content) is represented in Fig. 1b. The dry tensile strength increased as the addition ratio 

of pineapple leaf fiber increased. This increase was mainly because pineapple leaf fiber 

was being used as long fiber to maintain the mechanical strength of the mulch paper. The 

strength of the pineapple leaf fiber is higher than cotton fiber. The increased number of 

pineapple leaf fibers enhanced the dry tensile strength. However, the increase was not 

obvious at high beating degree, probably because the excessive beating degree shortened 

the fiber and weakened the strength of the single fiber, thus decreasing the dry tensile 

strength (Chen et al. 2004; Ozaki et al. 2006). In this situation, the positive effect of 

pineapple leaf fiber’s addition ratio on dry tensile strength was greater than the negative 

effect of the beating degree. Figure 1b also shows the interactive effect between the beating 

degree and addition ratio of pineapple leaf fiber also had significant effect on dry tensile 

strength based on Eq. 2. The maximum dry tensile strength appeared in pineapple leaf fiber 

at 40 °SR beating degree and 25% addition ratio. 

The 3D response surface graph indicating the interactive effect between basis 

weight and pineapple leaf fiber’s addition ratio on the mulch paper’s dry tensile strength 

while keeping other parameters constant (60 °SR beating degree and 1.4% wet strength 

agent content) is shown in Fig. 1c. It was observed that the dry tensile strength increased 

as both the basis weight and the addition ratio of pineapple leaf fiber improved, especially 

with a high basis weight and large addition ratio of pineapple leaf fiber. This improvement 

occurred mainly because the number increase of the fiber and the pineapple leaf fiber of 

mulch paper enhanced the bonding ability between the fibers, thus improving dry tensile 

strength. The effect of the pineapple leaf fiber’s addition ratio on dry tensile strength was 

stronger than that of basis weight based on the contribution rate analysis. The interactive 

effect between the basis weight and addition ratio of pineapple leaf fiber had significant 

effect on dry tensile strength based on Eq. 2. Figure 1c clearly shows the mulch paper had 
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maximum dry tensile strength values when the highest basis weight (90 g/m2) and highest 

addition ratio of pineapple leaf fiber (25%) were used. 

Figure 1d shows the 3D response surface graph illustrating the interactive effect of 

pineapple leaf fiber’s addition ratio and wet strength agent content on the mulch paper’s 

dry tensile strength while other parameters remained constant (60 °SR beating degree and 

70 g/m2 basis weight). At low wet strength agent content and pineapple leaf fiber’s addition 

ratio, the dry tensile strength had small improvement as the addition ratio of pineapple leaf 

fiber and wet strength agent content increased. However, at high wet strength agent content 

and addition ratio of pineapple leaf fiber, the dry tensile strength increased obviously as 

addition ratio of pineapple leaf fiber and wet strength agent content improved. This finding 

is probably attributable to the strong cross-links formed by cationic wet strength agent and 

anionic fibers that strengthened the fiber network, thus improving dry tensile strength (Xu 

et al. 2006).  

 

 
(a) Beating degree and basis weight 

 
(b) Beating degree and addition ratio of 

pineapple leaf fiber 

 
(c) Basis weight and addition ratio of pineapple 

leaf fiber 

 
(d) Addition ratio of pineapple leaf fiber and wet 

strength agent content 
 

Fig. 1. Interactive effects of four parameters on dry tensile strength: (a) Beating degree and basis 
weight, (b) Beating degree and addition ratio of pineapple leaf fiber, (c) Basis weight and addition 
ratio of pineapple leaf fiber, (d) Addition ratio of pineapple leaf fiber and wet strength agent 
content 
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According to Fig. 1d, the effect of the addition ratio of pineapple leaf fiber on the 

dry tensile strength was greater than that of the wet strength agent content based on the 

contribution rate analysis. The interactive effect of the addition ratio of pineapple leaf fiber 

and the wet strength agent content was significant on dry tensile strength, based on Eq. 2. 

The highest dry tensile strength appeared at 25% addition ratio of pineapple leaf fiber and 

1.8% wet strength agent content. 

 

Interactive effects of four parameters on wet tensile strength 

Figure 2a illustrates the interactive effect of pineapple leaf fiber’s beating degree 

and addition ratio on the wet tensile strength of the mulch paper with other parameters 

remaining constant (70 g/m2 basis weight and 1.4% wet strength agent content). The wet 

tensile strength increased as beating degree increased at a low addition ratio of pineapple 

leaf fiber. However, at a high addition ratio of pineapple leaf fiber, wet tensile strength 

improved initially when beating degree increased from 40 to 55 °SR, and then it decreased 

slightly when beating degree increased from 55 to 80 °SR. These results may have occurred 

because of the following reasons. As the beating degree increased, the fibrillation of fiber 

became higher, which increased the exposure of hydrogen bonds on the fiber’s surface, 

increased the bonding ability between the fibers, and increased the wet tensile strength of 

the mulch paper (Müller et al. 2009; Ismail et al. 2011). However, the continuous increase 

of beating degree gradually weakened the strength of a single fiber, resulting in the 

decrease of wet tensile strength. The effect of the beating degree on the wet tensile strength 

was greater than the effect of the addition ratio based on the contribution rate analysis. As 

is shown in Fig. 2a, the interactive effect between the beating degree and addition ratio of 

pineapple leaf fiber was significant on wet tensile strength based on Eq. 3. The highest 

value of wet tensile strength was achieved at 55 °SR beating degree and 25% addition ratio 

of pineapple leaf fiber. 

 

 
(a) Beating degree and addition ratio of 

pineapple leaf fiber 

 
(b) Addition ratio of pineapple leaf fiber and 

wet strength agent content 
 

Fig. 2. Interactive effects of four parameters on wet tensile strength: (a) Beating degree and 
addition ratio of pineapple leaf fiber, (b) Addition ratio of pineapple leaf fiber and wet strength 
agent content 

 

Figure 2b presents the interactive effect between the addition ratio of pineapple leaf 

fiber and the wet strength agent content on the mulch paper’s wet tensile strength while 

other variables remained constant (60 °SR beating degree and 70 g/m2 basis weight). It was 
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easily observed that the wet tensile strength increased as both the addition ratio of 

pineapple leaf fiber and wet strength agent content improved, especially at a high addition 

ratio of pineapple leaf fiber and wet strength agent content (Reddy and Yang 2007; Ma et 

al. 2010). The effect of the pineapple leaf fiber’s addition ratio on wet tensile strength was 

greater than that of the wet strength agent content based on the contribution rate analysis, 

which is confirmed by the image shown in Fig. 2b. The interactive effect between 

pineapple leaf fiber’s addition ratio and wet strength agent content was also significant on 

wet tensile strength based on Eq. 3. The highest wet tensile strength was achieved at the 

highest addition ratio of pineapple leaf fiber (25%) and the highest wet strength agent 

content (1.8%).  

 

Effects of four parameters on bursting strength 

The regression model shows a linear relationship between the bursting strength and 

processing factors (Eq. 4). Figure 3 presents the detailed effect of those processing factors 

on the bursting strength. Bursting strength was positively correlated with basis weight (Fig. 

3b), addition ratio of pineapple leaf fiber (Fig. 3c), and wet strength agent content (Fig. 

3d), but negatively correlated with beating degree (Fig. 3a). 

 

 
(a) Beating degree 

 
(b) Basis weight 

 
(c) Addition ratio of pineapple leaf fiber 

 
(d) Wet strength agent content 

 
Fig. 3. Effects of four parameters on bursting strength: (a) Beating degree, (b) Basis weight, (c) 
Addition ratio of pineapple leaf fiber, (d) Wet strength agent content 
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It is clearly seen in Fig. 3c that the addition ratio of pineapple leaf fiber was the 

most influential process parameter on bursting strength. Bursting strength refers to the 

uniformly increased maximum pressure that paper or cardboard can withstand per unit area. 

Bursting strength is mainly determined by the fiber of paper or cardboard, and is related to 

fiber length and the bonding ability between fibers. The increase in fiber length and the 

bonding ability between fibers increase bursting strength (Mavruz and Ogulata 2010). In 

the present study, the increase in the number of pineapple leaf fibers enhanced the bonding 

ability between the fibers, and resulted in increased bursting strength. 

 

Optimum Analysis 
The pineapple leaf and rice straw fiber mulch paper that yielded desired results (dry 

and wet tensile strengths larger than 32 N and 12 N, respectively, and bursting strength 

larger than 120 kPa) was obtained by the optimization of processing conditions. Based on 

the design model, economy, ecological balance, and possibility of subsequent treatment, 

graphic optimum analysis was carried out with Design Expert software. The optimum 

conditions were 70 to 90 g/m2 basis weight, 17% to 25% addition ratio of pineapple leaf 

fiber, 55 °SR beating degree, and 1.5% wet strength agent content (Fig. 4). At the optimum 

conditions, dry and wet tensile strengths were larger than 32 N and 12 N, respectively, and 

bursting strength was larger than 120 kPa. 

 

 
 

Fig. 4. Optimum analysis of process parameters (note: 55 °SR beating degree and 1.5% wet 
strength agent content) 

 
Verification Test 

The optimum conditions were validated by manufacturing the mulch paper at 85 

g/m2 basis weight, 20% addition ratio of pineapple leaf fiber, 55 °SR beating degree, and 

1.5% wet strength agent content. The dry tensile strength, wet tensile strength, and bursting 

strength obtained from the 10 parallel verification tests were 34.6 N, 13.9 N, and 123 kPa, 

respectively, which highly agreed with the desired results (dry and wet tensile strengths 

higher than 32 N and 12 N, and bursting strength larger than 120 kPa). Meanwhile, 

according to Chinese Standard GB/T 5405 (2002), the sizing value of the mulch paper was 
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107 s. Hence, the optimum conditions obtained from the method of four-factor five-level 

quadratic orthogonal rotation central composite design were reliable and applicable. 

 
 
CONCLUSIONS 
 

1. The rank of contribution rate of the four process parameters on dry tensile strength, in 

descending importance, were: addition ratio of pineapple leaf fiber, basis weight, 

beating degree, and wet strength agent content; on wet tensile strength: beating degree, 

addition ratio of pineapple leaf fiber, wet strength agent content, and basis weight; on 

bursting strength: addition ratio of pineapple leaf fiber, basis weight, wet strength agent 

content, and beating degree.  

2. The process parameters were optimized using the four-factor five-level quadratic 

orthogonal rotation central composite design of the response surface method. The 

optimum conditions were 70 to 90 g/m2 basis weight, 17% to 25% addition ratio of 

pineapple leaf fiber, 55 °SR beating degree, and 1.5% wet strength agent content. Under 

the optimum conditions, the high dry tension strength (34.6 N), high wet tension 

strength (13.9 N), and high bursting strength (123 kPa) were achieved.  

3. It was concluded from the current work that the degradable fiber mulch paper made 

from pineapple leaf and rice straw would be feasible.  
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