
 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Liang et al. (2019). “PAE/bentonite binary system,” BioResources 15(4), 8449-8458.  8449 

 

The Use of a PAE /Bentonite Binary System to Improve 
the Wet Strength of Paper 
 

Shuai-Bo Liang, Xiao Ning, Qing-Jin Fu, Qian Liu, and Chun-Li Yao * 

 
Bentonite and polyamidoamine epichlorohydrin (PAE) resin were added 
sequentially as a binary system to improve the properties of the paper, 
especially the wet strength. The results showed that the dry tensile index, 
the wet tensile index, and the folding endurance of the paper could be 
improved with only the use of polyamide polyamine epichlorohydrin resin. 
However, a binary system of polyamide polyamine epichlorohydrin resin 
and bentonite was more effective. When 0.8% polyamide polyamine 
epichlorohydrin resin and 0.75% bentonite were added, the dry tensile 
index, the wet tensile index, and the folding endurance of the paper 
increased by 37.8%, 2780%, and 281%, respectively, when compared to 
the control sample. The measurements of the water retention value and 
the percent fines retention of the pulp showed higher values after being 
treated with the binary system than being treated by polyamide polyamine 
epichlorohydrin resin alone. Scanning electron microscopy analysis 
indicated that a binary system of polyamide polyamine epichlorohydrin 
resin and bentonite could increase the combination of fibers in paper.  
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INTRODUCTION 
 

With the continued development of the economy and improvements in the standard 

of living, the quality of paper that individuals require continues to increase. Both the dry 

strength and the wet strength of paper are important attributes that affect the reliability of 

the paper (Hubbe et al. 2007; Hubbe 2014). The term “wet strength” refers to the strength 

of the finished paper or paperboard after it has been moistened with water. Wet strength is 

also expressed as a percentage of the post-wetting strength and the initial wet strength. 

Paper products placed in an aqueous medium that retain a substantial portion of their initial 

dry strength over time are considered to have good wet strength. 

Wet strength is particularly important for many types of paper products, which are 

in frequent contact with water or used in a humid environment, such as packaging paper, 

carrier paperboard, liquid packaging base paper, tissues, and towels (Aracri et al. 2011). 

Numerous practices have shown that the most practical way to improve the wet strength of 

paper is via the use of a wet strength agent (Bai et al. 2017).  

In recent years, many types of wet strength agents have been developed to meet 

production requirements, such as urea-formaldehyde resin (UF), melamine formaldehyde 

resin (MF), polyamide glycolaldehyde, polyamide glycolaldehyde (PEI), dialdehyde starch 

(DAS), polyamide polyamine epichlorohydrin resin (PAE resin), etc. (Gärdlund et al. 

2003; Sun et al. 2010; Chen et al. 2013; Deutschle et al. 2014; Wu et al. 2018). Among 

these, PAE resin is one of the most commonly used wet strength agents. It is synthesized 
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from polyamideamine chains reacting with epichlorohydrin. This results in the formation 

of a unique four-membered 3-hydroxy-azetidinium ring at approximately 80% of each 

amideamine repeating unit together with partial cross-linking between the polyamideamine 

chains via 2-hydroxypropane bridges originating from the attached epichlorohydrin 

(Obokata and Isogai 2005; Obokata and Isogai 2007). When compared with UF and MF, 

it has many superior properties, such as the lack of free formaldehyde, good retention on 

the surface of the fiber, a high level of paper softness without the addition of other 

additives, little effect on the whiteness of the paper, and suitability for a neutral to alkaline 

pH papermaking system.   

Various mechanisms have been proposed to explain wet strength enhancement via 

PAE resin. On the one hand, it has been proposed that there is a reaction between the 

azetidinium groups and the anionic sites on the fibers and fines (primarily carboxyl 

groups), which results in the formation of covalent bonds that are non-water-soluble. 

Alternatively, it has been proposed that the PAE resin undergoes a self-crosslinking 

mechanism, which forms a water-insoluble PAE resin network (Obokata and Isogai 2007).  

During production, many grades of paper require high dosage levels of PAE resin 

to achieve the required wet tensile specifications. However, the total amount of the PAE 

resin that can be adsorbed into the cellulose fibers is limited by the anionic charge density 

of the fibers (Hubbe et al. 2003). If not properly managed, the unretained wet strength 

resins will accumulate in the white water system, which leads to poor machine dewatering, 

wire and felt filling, sheet breaks and holes, and increased defoamer usage (Hubbe 2014). 

To overcome these unwanted effects, the system charge is often balanced by applying 

anionic chemicals such as carboxymethyl cellulose (CMC), sodium alginate (SA), 

microcrystalline cellulose (MCC), and nano-crystalline cellulose (NCC) (Aarne et al. 

2012;  Su et al. 2012; Siqueira et al. 2015; Sun et al. 2015; Bai et al. 2017; He et al. 2017; 

Ning et al. 2018).  

Bentonite is a widely available and abundant natural mineral, usually used as a low 

cost adsorbent in water and wastewater treatment, due to its net negative surface charge 

(Anirudhan and Ramachandran 2015; Toor et al. 2015; Huang et al. 2017; Pandey 2017). 

However, the application of bentonite as a paper strength additive, previous to this study, 

was rarely examined. In theory, bentonite, with a net negative surface charge, coupled with 

PAE resin could further improve the mechanical strength of paper sheets compared to the 

addition of PAE resin alone. 

In this study, bentonite was added sequentially with PAE resin as a binary system 

to enhance the mechanical properties of the cellulose fiber networks. The effect of the 

dosage of bentonite on the properties of the paper, the fines retention rate, and the water 

retention value (WRV) of the pulp were investigated. In addition, the enhancement 

mechanism of the binary system was researched. 

 

 

EXPERIMENTAL 
 

Materials 
The aspen kraft pulp board used in this study was provided by the Hunan Yueyang 

Paper Group (Hunan, China). The pulping conditions were as follows: a sulfidity of 1.8%, 

an active alkali of 15.2 g/L, a maximum temperature of 168 °C, a total heating time of 1.8 

h to 2 h, a 45% yield, and a beating degree of 40 °SR. The cationic PAE resin used in this 

study was a commercial product from Xinquan Paper Additives Co. (Shandong, China) in 
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the form of a 12.5% water solution. The solution was prepared via dilution with deionized 

water before each use to ensure its freshness. The bentonite was supplied by Hengxin Filter 

Factory Co. (Henan, China). All the chemicals used were of analytical or reagent grade and 

used without further purification. 

 

Methods 
Handsheet methodology 

The pulp fibers were swelled, disintegrated, and beaten to the desired degrees. An 

aqueous pulp suspension (with a concentration of 16 g/L) was obtained with a pulp 

disintegrator. With a dry pulp mass of 2.512 g, 0.8% PAE resin was first added to the pulp 

slurry, stirred for 15 minutes and then the bentonite(0.25%, 0.5%, 0.75%, and 1.0 wt%.) 

was added and stirred for 15 minutes. For each condition, at least five standard handsheets, 

with a target grammage of 80 g/m2, were prepared via a round handsheet former with a 

diameter of 200 mm according to the ISO 5269-2 (2004). The control handsheets were 

made following the same methodology, but without the addition of any additives. Finally, 

the handsheets were conditioned at 23 °C and 50% relative humidity, for at least 24 h before 

the physical testing was performed. 

 

Measurement and analysis of the handsheets 

The density, dry tensile index, wet tensile index, and folding endurance were 

measured using the relevant standard methods. Density was measured based on the ISO 

534 (2011) standard. The tensile index is commonly applied to represent the tensile 

strength of the paper. The wet strength was defined as the ratio of the wet tensile strength 

of the treated handsheets to the dry tensile strength of the control sample. The dry and wet 

tensile indexes of the handsheet strength were tested according to TAPPI standard T220 

sp-01 (2011). The folding endurance was measured according to TAPPI standard T511 

om-08 (2008) method. Ten samples were measured for each handsheet condition to obtain 

an average result.  

 

Measurement of the water retention value (WRV) 

The WRV of the samples was determined via a centrifuge (LD4-2-A, Beijing 

Jinxinxing Medical Device Factory, Beijing, China). The speed was set to 3000 rev/min, 

and the time was set to 15 min. Approximately 1 g of the pulp sample (o.d. weight) was 

diluted in 60 mL of deionized water overnight at room temperature. Then the pulp was put 

into a copper tube with a 200-mesh copper screen at the bottom. 

 

Fines retention rate measurements 

The fines retention rate of the pulp sample was analyzed via a dynamic drainage 

machine (DDJ#2, RAE Systems Inc, Sunnyvale, CA) according to TAPPI standard T261 

cm-94. 

 

Zeta potential measurements 

The zeta potential was measured via a zeta potentiometric analyzer (AFG Analytic 

GmbH, Leipzig, Germany). A voltage of 150 V was applied to the driving electrodes of 

the capillary electrophoresis cell. The electrophoresis cell was rinsed with HPLC-grade 

water to ensure the stability of the measurements before each use. The zeta potentiometric 

analyzer was calibrated using a standard (DTS5050, Malvern Instruments, Malvern, United 
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Kingdom) with a standard zeta potential of -50 ± 5 mV at 25 °C. All the experiments were 

conducted at 25 °C. 

 

Scanning electron microscopy (SEM) 

The scanning electron microscope (SEM) images of the paper sheets were analyzed 

via a field emission scanning electron microscope (FESEM) (SU8010, Hitachi, Tokyo, 

Japan) after gold sputtering. The accelerating voltage was 3 kV. 

 

 

RESULTS AND DISCUSSION 
 
Effects of the Binary System on the Paper Properties 

Table 1 reports the effects of the bentonite dosage on the paper properties, which 

included the density, dry tensile index, wet tensile index, and folding endurance. When the 

only addition was 0.8% PAE resin, the density, dry tensile index, wet tensile index, and 

folding endurance were 0.576 g/cm3, 62.42 N·m/g, 12.39 N·m/g, and 74 times, which 

improved by 2.5%, 15.9%, 1930%, and 139% when compared to the control sample. When 

the bentonite was added, as the dosage increased, the four measured properties of the paper 

showed the same variation trend, which rapidly increased in the beginning, and then 

slightly decreased. 

 
Table 1. Effects of the Bentonite Dosage on the Paper Properties  

Dosage of 
Bentonite (%) 

Density 
(g/cm3) 

Dry Tensile 
Index (N·m/g) 

Wet Tensile 
Index (N·m/g) 

Folding 
Endurance 

(Double Folds) 
Control 0.562 53.84 0.61 31 

0 0.576 62.42 12.39 74 
0.25 0.587 67.21 13.93 80 
0.5 0.596 71.73 16.02 99 
0.75 0.612 74.21 17.58 118 
1.0 0.594 72.04 17.05 108 

Note: Amount of PAE resin added was 0.8% on a dry fiber basis, the pH was adjusted to 7. 

 
Compared to the control sample, the addition of 0.75% bentonite and 0.8% PAE 

resin yielded the highest measurements of density, dry tensile index, wet tensile index, and 

folding endurance, and reached a maximum of 0.612 g/cm3, 74.21 N·m/g, 17.58 N·m/g, 

and 118 times, which represented an increase of 8.9%, 37.8%, 2780%, and 281%, 

respectively. The improvement of these properties was attributed to the increased bonding 

strength between the fibers. When the bentonite was added, due to the negative charge of 

its surface, the bentonite and PAE resin complexes were able to form and then were 

absorbed into the fiber surface; therefore, more PAE resin was retained in the paper 

compared to the paper when only PAE resin was added. However, when too much 

bentonite was added, the net charge of the suspended colloidal material (made up of PAE 

and bentonite and other matter) was negative, so it would not be as well retained on the 

fibers due to the negative charge of the fiber surface. 

 
Effect of the Binary System on the Fines Retention Rate 

The results of the effects of different bentonite dosages on the percent fines 

retention is shown in Fig. 1. It was found that the addition of PAE resin and the usage of a 
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binary system both were able to improve the fines retention rate. When the only addition 

was 0.8% PAE resin, the fines retention was 59.4%, which improved by 15.1% when 

compared to the control sample. When the bentonite was added, as the dosage increased 

from 0.25% to 1%, the retention rate of fines continuously increased until the dosage was 

greater than 0.75%, after which it decreased as the dosage approached 1%. When dosages 

of 0.75% bentonite and 0.8% PAE resin were added, the fines retention rate reached a 

maximum of 77%, which was a 49.3% increase when compared to the control sample. The 

increase in the fines retention rate could be attributed to the formation of weak cationic 

complexes composed of PAE resin and bentonite, which could help retain the fines. Given 

that fines are able to improve the bonding strength between the fibers, this result was 

consonant with the changes in the properties of the experimental papers (Table 1).   

 

 
 

Fig. 1. Fines retention rate of the different dosages of bentonite (amount of PAE resin added was 
0.8%, on a dry fiber basis) 

 
Effect of the Binary System on the Water Retention Value (WRV) 

The WRV is an important index of the swelling ability of the fiber, which is usually 

adopted to evaluate the efficiency of the press dewatering of pulp. As shown in Fig. 2, 

when the pulp was treated with only 0.8% PAE resin, the WRV of the fibers increased by 

116%, when compared to the control sample. The binary system with the addition of 

bentonite further increased the WRV. As the bentonite dosage was increased, the WRV 

also increased until it reached a maximum value of 502%, at a dosage of 0.8% PAE resin 

and 0.75% bentonite. The increase in the WRV reflected the increasing amount of water 

held by the PAE resin and bentonite on the surface of the fiber, which could be attributed 

to the charged groups of the two chemicals and their hydrophilicity. Furthermore, the 

increase in the WRV would also facilitate the bonding between fibers, which could lead to 

an increase in tensile strength. 
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Fig. 2. Water retention value with different bentonite dosages (amount of PAE resin added was 
0.8%, on a dry fiber basis) 

 
Effect of the Binary System on the Zeta Potential 

The effects of the bentonite dosage on the zeta potential of the pulp are presented 

in Fig. 3. For the control sample (without any added additives), the zeta potential of the 

pulp was negative, due to the negative charge on the surface of the fiber. When the only 

addition was 0.8% PAE resin, the zeta potential was converted to positive, since the 

positively charged PAE resin groups were able to neutralize the negative charge on the 

surface of the fiber. When bentonite was added to the pulp in addition to a 0.8% PAE resin 

dosage, as the dosage of bentonite increased, the binary system caused the zeta potential of 

the pulp to slowly decrease. 

  
Fig. 3. Zeta potential value with different bentonite dosages (amount of PAE resin added was 
0.8%, on a dry fiber basis) 
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As shown in Fig. 3, the zeta potential of the pulp approached 0 when dosages of 

0.75% bentonite and 0.8% PAE resin were added. It is well-known that the addition of a 

strength agent would change the zeta potential of the pulp; therefore, when the zeta 

potential was approximately 0, the dosage of the strength agent was the most appropriate 

and the maximum strength performance could be obtained at this dosage. This result was 

consistent with the data of paper properties shown in Table 1. 

 
Scanning Electron Microscopy (SEM) Analysis of the Handsheets 

The SEM images of the handsheet samples without any additives, with the addition 

of only 0.8% PAE resin, and the addition of 0.8% PAE resin and 0.75% bentonite, are 

presented in Fig. 4; obvious differences between the SEM images of the three handsheets 

could be seen. 

 

 
 
Fig. 4. Surface SEM images of control sample (a and b), handsheet with the addition of only 
0.8% PAE resin (d and e), and handsheet with the addition of 0.8% PAE resin and 0.75% 
bentonite (f and g) 
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There were more pores and the fibers were loosely connected to the surface of the 

control sample. Compared with the control sample, after being treated with PAE resin and 

bentonite, the connections between the fibers became tighter, and fewer holes were 

observed. These results can be attributed to the roles of PAE resin and the binary system 

increasing the bonding force among the fibers. 

 
 
CONCLUSIONS 
 
1. In this study, a binary system of PAE resin and bentonite could improve the 

mechanical strength of paper, with greater success than the addition of PAE resin 

alone. 

2. A binary system of PAE resin and bentonite was beneficial to further improving the 

water retention value of the pulp and the retention rate of the fines, which was 

beneficial to the improvement of the bonding strength between the fibers. 

3. Scanning electron microscopy (SEM) analysis showed that the bonding between the 

fibers was improved after treatment via a binary system of PAE resin and bentonite, 

thus improving the strength of the paper. 
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