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Understanding Polyamidoamine Epichlorohydrin (PAAE)
Retention in Paper

Yao Ntifafa,® Yun Ji,” and Peter W. Hart ¢

Polyamidoamine epichlorohydrin (PAAE) is a permanent wet strength
resin used in papermaking. When applied to paperboard, some amount of
resin is retained in the sheet, and some is lost to the white water. The
papermaker usually knows the amount of PAAE charged to the pulp but
has no idea how much chemical is retained in the sheet. In addition, the
influence of PAAE dosage, freeness, zeta potential, and pulp kappa
number variability on PAAE retention is not well understood. Factorial
design experiments using unbleached and bleached softwood (loblolly
pine) kraft pulps were conducted to understand the factors that affect
PAAE retention. The results revealed that PAAE retention, wet tear index,
and tensile index not only depended on the PAAE charged of the pulp but
also depended significantly on the pulp freeness. In lieu of freeness, zeta
potential data can be used to predict PAAE retention. In addition, at similar
freeness, bleached pulp has the highest retention of PAAE compared to
low and high kappa unbleached kraft pulps. The results also suggest that
lignin may have potential as a wet strength agent.
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INTRODUCTION

Wet strength additives are used to improve the resistance of paper to a rupture force
in wet environments. These additives change the physical characteristics of paper by
providing strength to the sheet when wet. Paper usually retains about 3 to 5% of its dry
strength in a wet environment. The use of wet strength chemicals can preserve from 10 to
50% of the sheet’s dry strength when wet (Espy 1997; Staib 2005). Common wet strength
additives used in the mill are PAAE (polyamidoamine epichlorohydrin) and GPAM
(glyoxalated polyacrylamides). PAAE, classified as a permanent wet strength, produces
higher wet strength than GPAM, which is classified as a temporary wet strength agent.
Studies have shown that with permanent wet strength, as much as 80 to 90% of the wet
strength measured after 10 seconds of soaking persists for two hours; however, with
temporary wet strength as much as two thirds of the wet strength persists under the same
conditions (Avis 1978; Espy 1994; Rita et al. 1999; Bajpai 2018; VVaha-Nissi et al. 2018;
Kumar Jain et al. 2022; Francolini et al. 2023).

The PAAE chemical structure has amine, azetidinium, and terminal carboxylic acid
groups. Although the azetidinium and the amine groups promote the adsorption of PAAE
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onto the fiber surface, the azetidinium group is the key element in the bonding mechanism
between the additive and fiber. During the drying and the heating process, the cationic
azetidinium group reacts with the anionic carboxylic group on the fiber to form an ester
bond. The resin can also self-crosslink using the azetidinium group, the carboxylic group,
and the amino group in its molecules. Both paths, resin-fiber and resin-resin bonding, can
impart wet strength to the sheet. Figure 1 shows the covalent bonding formation between
the PAAE resin and cellulose (path a) and the self-crosslinking paths (paths b and c) of the
resin (Obokata et al. 2005; Yoon 2006; Obokata and Isogai 2007). From path a, one can
deduct that it will be difficult to wet-strengthen low-yield pulp, due to the low level of
carboxylic groups in the pulp (Ntifafa et al. 2024)
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Fig. 1. Structure of PAAE (top), PAAE forming ester bond with cellulose (path a), PAAE main
cross linking (path b) and PAAE secondary cross linking (path c)

During the papermaking process, the slurry containing the fibers is dewatered to
form a wet fiber network, which is then pressed and dried. Some of the PAAE charged to
the pulp is lost during dewatering, and the amount retained in the sheet is not known
(Ntifafa et al. 2023). In addition, the variables that lead to improved chemical retention are
not well known or understood, making it difficult to optimize chemical addition for optimal
wet strength performance. Also, PAAE self-reacts (Gao et al. 2019; Obokata et al. 2005),
limiting its retention in multiple passes through the sheet. Thus, white water recirculation
has an unknown impact on PAAE retention.

PAAE is known to crosslink fiber with covalent bonds that resist breaking upon
wetting. The four main factors that contribute to the development of paper wet-strength
when the chemical is added to the pulp are fiber types, concentration of the azetidinium
group of the PAAE molecules, adsorption time, and drying conditions (Liu 2004; Obokata
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et al. 2005; Yoon 2006; Obokata and Isogai 2007; Su et al. 2012; Onur et al. 2019; Weifang
Huapu Chemical Co. 2021; Korpela et al. 2022). This study examined how the first two
factors influence the retention of wet strength agent in the paper. To increase the
concentration of the azetidinium group of the PAAE, different PAAE dosages were
studied, and to make more carboxylic groups on the fiber surface available, the pulps were
refined to different levels of freeness.

The refining process changes the structure of the fiber. During the process, the fiber
fibrillates, swells, and the lumen collapses. The resulting pulp from the refining process
contains fibers with increased surface area. Fiber modification usually promotes high
tensile strength and smoothness of the sheet. In addition, the refiner modifies the freeness
of the pulp, generates fines, affects fiber length, and more importantly changes the surface
charge of the fibers (Ntifafa 2021; Bhardwaj et al. 2007; Banavath et al. 2011; Gharehkhani
et al. 2015; Mandlez et al. 2020).

Freeness is one of the most important parameters of the pulp, as it impacts drainage,
moisture content leaving the presses (going to the dryer section), and fiber surface zeta
potential (SZP). The freeness test is usually performed after the pulp is refined to determine
how fast water drains through the pulp. Schopper Riegler (SR) freeness and the Canadian
Standard Freeness (CSF) are two main approaches used by papermakers to determine the
drainage of the pulp. SR and CSF freenesses are predominantly used in Europe and North
America, respectively. A lower number of SR degrees corresponds to faster drainage. On
the contrary, a lower number of CSF freeness corresponds to slower drainage. Freeness
variations are known to affect the performance especially the speed of paper machine
(Hawes and Doshi 1986; Pulp Paper Mill 2014; Bajpai 2018; Ntifafa 2021). In this study,
CSF was used after the pulps were refined. Freeness variations along with wet strength
dosage variations are studied with different types of pulps.

Factorial design experiments were used to investigate the parameters that influence
PAAE retention in paper. PAAE dosage, freeness, zeta potential and kappa are the main
factors. The effects of these factors on the tensile index and the wet tear index of the sheets
were also investigated. Although wet tensile strength or wet bursting strength were tested,
this study also evaluated wet tear strength, as the company’s mill operators are specifically
interested in this parameter.

EXPERIMENTAL

Reagents

Diethyl adipate 99%, concentrated hydrochloric acid 35 to 38%, absolute ethanol
200 proof, and toluene were supplied by Fischer Scientific (Massachusetts, USA).
Concentrated sulfuric acid 95 to 98% was supplied by JT Baker (Pennsylvania, USA).
Commercial grade wet strength resin PAAE 20.2% was obtained from a traditional pulp
and paper chemical supplier. Loblolly pine pulps were obtained from an operating mill in
the Southeast US. The mill used elemental chlorine free (ECF) bleaching sequence
D(EP)DD.

Design of Experiment
Minitab 21 (Minitab; State College, PA, USA) software was used to generate
mixed- level full factorial design with 2 factors (PAAE charged and freeness) in duplicate;
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PAAE retained in the sheet was the response variable. A total of 24 experiments were
needed to complete the analysis. The levels are summarized in Table 1:

Table 1. Experimental Design (mixed-level full factorial design)

Factors Levels
PAAE Charged (Ib/ton) or (ppm) 0 1.5 (750) 3.0 (1500) 6.0 (3000)
Freeness (mL) 300 550 700 -

Papermaking Procedure

Figure 2 illustrates the papermaking and the testing process employed in this work.
Unbleached softwood (loblolly pine) kraft pulp obtained from a commercial southeastern
US kraft mill was refined, targeting 700, 550, and 300 mL freeness using the Valmet Prolab
refiner (Valmet; Espoo, Finland). Each pulp freeness was measured using the Canadian
Standard Freeness (CSF) tester according to the TAPPI method T 227 om-21 (2021). The
pulp was diluted to 1% consistency, and 500 mL of the resulting pulp was tested on Mutek
SZP-10 (Miitek; Herrsching, Germany), to measure the zeta potential of the fiber surfaces.
The fiber length and fines percent were determined using TechPap MorFi Neo (TechPap;
Grenoble, France).

Pulp

Refinina J
Additives Pulp testing:
] Freeness
‘ Zeta potential
Fiber length
Fines

Hand-sheet

L 2

Hand-sheet
testing:
PAAE testing
and paper
physical
properties
testing

Fig. 2. Flowchart of the testing procedure

PAAE was charged to each type of pulp according to Table 1. Pulp slurry equivalent
to 33 g oven dry pulp was added to 2000 mL of water in a Déja Vu 1387 disintegrator (Déja
Vu Lab and Test Equipment Inc, Mahone Bay, Canada) set at 15000 run cycle; handsheets
were made out of the pulps according to the TAPPI method T 205 sp-18 (2018) using AMC
hand-sheet molds (Adirondack Machine Corp; Hudson Falls, NY, USA), and pressed
twice using a Carver CMG75H-15-PX press (Carver Inc.; Wabash, IN, USA) at 20 tons
for 2 minutes. Next, the sheets were transferred to an AMC drum dryer (Adirondack
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Machine Corp; Hudson Falls, NY, USA) at 90 °C at 10% speed. The sheets were finally
put in the Heratherm OGS400 oven (ThermoFisher Scientific; Waltham, MA, USA) at 105
°C for 5 minutes to cure the wet strength agent.

The tensile index was measured using TAPPI method T 494 om-22 (2022). The
wet tear index of the sheets was measured following the TAPPI T 414 om-21 (2021), as
modified according to the work by Panek et al. (2021). The PAAE retained in the sheet
was quantified following the procedure described by Ntifafa et al. (2023).

In addition to varying the pulp freeness through refining, the kappa number (lignin
content) of the pulp was altered by obtaining a series of pine pulps at different kappa
numbers. High kappa, low kappa, and bleached softwood (loblolly pine) kraft pulps were
obtained from a commercial southeastern US kraft mill. The TAPPI T 236 om-22 (2022)
standard was used to determine the kappa number of the pulps. The pulps kappa numbers
were respectively 90.5, 10.7, and 0.1. The pulps were refined, and their freenesses were
respectively 535, 545, and 540 mL. Handsheets were made following a factorial design
experiment with kappa and PAAE dosage as factors in duplicate (Table 2). Higher dosages
of PAAE were not used for this part of the work, because previous work (Ntifafa et al.
2023) has shown that at this freeness level, PAAE retention levels off after about 3 Ib/ton
(1500 ppm) application level.

Table 2. Factors and Ranges

Factors Levels
Kappa 0.1 10.7 90.5
PAAE Charged (Ib/ton) or (ppm) 1.5 (750) 3.0 (1500) -

RESULTS AND DISCUSSION

Pulp and sheet test results are summarized in Tables 3 and 4.

Table 3. Freeness, Zeta Potential, Fiber Length, and Fines Percent of Each Pulp

before Handsheet Making

Target Freeness (mL) 700 550 300
Measured Freeness (mL) 731 531 280
Zeta Potential (mV) -28.3 -30.7 -37.3

Fiber Length (mm) 2.2 1.6 1.1
Fines (%) 4.24 5.56 14.95
Conductivity (mS/cm) 1.04 1.17 1.27

Note: the pulp pH is 8.0 with a kappa 9.8

Table 3 shows that the freeness decreased from 731 to 280 mL while the zeta
potential increased in absolute value from -28.3 to -37.3 mV. Overall, the negative zeta
potential of the fibers increased as the freeness decreased. The opposite trend was found
with the fiber length, which decreased from 2.2 to 1.1 mm. The fines increased from 4.24%
to 15.0% as the freeness decreased. The refining process is known to generate fines, shorten
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the average fiber length, and lead to a more negative surface charge (Bhardwaj et al. 2007,
Banavath et al. 2011; Gharehkhani et al. 2015; Mandlez et al. 2020).

Table 4 shows the response variable values (PAAE retained, tensile index, and wet
tear index) that will be the focus of this study. Main effects plots, interaction plots,
regression plots, and contour plots were used to understand the significance of the factors
(freeness and PAAE dosage), and to determine the best conditions to improve PAAE
retention, tensile index, and wet tear index of the resulting paper.

Table 4. PAAE Charged, PAAE Retained, Tensile Index, and Wet Tear Index
Results

Freeness (mL) 731 | 731 | 731 | 731 | 531 | 531 | 531 | 531 | 280 | 280 | 280 | 280
PAAE Charged
(Ib/ton) 0 15 3 6 0 15 | 3 6 o | 15 3 6
(ppm) 0 750 | 1500 | 3000 0 750 | 1500 | 3000 0 750 | 3000 | 6000
PAAE Retained
(Ib/ton) 0o | o091 | 162 | 214 | 0o | 115 | 202 | 333 | 0o | 143 | 256 | 535
(ppm) 0 455 | 810 | 1070 0 575 | 1010 | 1665 0 715 | 1280 | 2675
Basis Weight
(9/m?) 349.3 | 350.2 | 348.0 | 353.2 | 350.2 | 349.9 | 349.4 | 353.7 | 351.4 | 349.0 | 342.3 | 3435
Tensile Index
(N.m/q) 355 | 363 | 342 | 362 | 434 | 504 | 495 | 575 | 539 | 512 | 534 | 523
Wet Tear Index
(mN.m?Qg) 3.7 3.8 4.6 6.6 3.6 4.2 5.6 8.3 43 4.7 5.9 7.4

Table 5 shows the p-values for each factor vs. responses. The p-values of the
interactions between the factors are also shown. All the factors, freeness and PAAE dosage,
and their interactions were significant for the responses, as the p-values were less than 0.05.
Thus, freeness, PAAE dosage and their interaction were significant for PAAE retained,
tensile index, and wet tear index. All data were within 95% confidence intervals.

Table 5. P-values of Freeness and Dosage vs. PAAE Retained vs. Tensile Index
and Wet Tear Index

Responses PAAE Retained Tensile Index p- Wet Tear Index p-
Factors p-value value value
Freeness < 0.001 < 0.001 <0.001
PAAE Dosage < 0.001 < 0.001 <0.001
Freeness*PAAE Dosage <0.001 <0.001 <0.001

Effects of Freeness and PAAE Dosage on PAAE Retention
Main effects and interaction plots

The main effect plot of PAAE retained (Fig. 3 a) shows that the PAAE dosage had
the most significant effect, followed by freeness. The interaction plot (Fig. 3 b) shows the
6.0 Ib/ton (3000 ppm) dosage as the most significant, followed by the 3 Ib/ton (1500 ppm)
dosage. Both plots show the retention was higher when freeness was lower.

PAAE charged vs. PAAE retained
The slopes in Fig. 4 represent the retention efficiency of the PAAE. The trends of
PAAE charge vs. PAAE retained show increasing slopes (0.3457< 0.5436 < 0.8842) as the
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freeness was decreased. The graph shows that the retention of PAAE increased as the
freeness decreased.

Fig. 3. Main effects of PAAE retained (a) and interaction plots of the PAAE retained (b)
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Fig. 4. PAAE charged vs. PAAE retained

Contour plot

The contour plot of PAAE retained (Fig. 5) showed similar trends to the main
effects and interaction plots. Overall, the retained amount of PAAE increased when PAAE
dosage increased and the freeness decreased. The contour plot also provides more details

about the PAAE retained at different target freeness values (300, 550, and 700 mL).
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Contour Plot of PAAE Retained vs PAAE Dosage, Freeness
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Fig. 5. Contour plot of the PAAE retained as function of freeness and PAAE dosage

The contour plot (Fig. 5) indicates ranges for PAAE retained at various levels of
freeness and PAAE dosage. At 300 mL freeness, the highest retained amount of PAAE (>5
Ib/ton or >2500 ppm) was achieved with a dosage above 5.8 Ib/ton (2900 ppm). The
retained amount of PAAE at 550 mL freeness seemed to be moderate, with the retained
amount of PAAE interval comprised between 3 to 4 Ib/ton (1500 to 2000 ppm) for dosages
greater than 5.4 Ib/ton (2700 ppm). At 700 mL freeness, the retained amount of PAAE
never exceeded 3 Ib/ton (1500 ppm) even if the dosage was at 6 Ib/ton (3000 ppm); the
retention in this case was less than 50%.

The conclusions derived from the PAAE retention (Figs. 2, 3, and 4) are partial, as
the information from the effect of freeness and PAAE dosage on the sheet properties is also
needed to better understand optimal PAAE application.

Effect of Freeness and PAAE Dosage on Handsheet Physical Properties
Main effects and interaction plots

Referring to the main effect plots of the tensile index (Fig. 6a), freeness had the
most significant effect on the tensile index. The interaction plot (Fig. 6b) shows 1.5 Ib/ton
(750 ppm) dosage as the most significant at 531 mL freeness, followed by the 3Ib/ton (1500
ppm) dosage at 280 mL freeness. Both plots show that the tensile index was higher when
freeness was lower. Moreover, the main effect plots of the wet tear index (Fig. 6¢) show
PAAE dosage as the most significant factor, and the interaction plot (Fig. 6d) shows 6
Ib/ton (3000 ppm) as the best dosage, followed by 3 Ib/ton (1500 ppm).
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Main Effects Plot for Tensile Index Interaction Plot for Tensile Index
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Fig. 6. Main effects and interaction plots of the tensile index (respectively a and b),
main effects and interaction plots of the wet tear index (respectively ¢ and d)

PAAE retained vs. tensile index and PAAE retained vs. wet tear index

Figures 7 a and b show PAAE retained vs. tensile index and PAAE retained vs. wet
tear index at different freeness levels. The trends on the tensile index graph were practically
flat, while the trends on the wet tear index graph were increasing. Both graphs indicated
that more PAAE was retained before 3 Ib/ton (1500 ppm), and after 3 Ib/ton (1500 ppm)
the retained amount of PAAE did not provide a major increase in the response especially
for the tensile. Although more data points can be added to determine the level where the
amount of PAAE retained plateaus, it was determined that this amount was beyond 6 Ib/ton
(3000 ppm). At 6 Ib/ton (3000 ppm) and 531 mL freeness for example, the amount of
retained PAAE was 3.3 Ib/ton (1650 ppm). 45% of the chemical was lost. At or above this
level of dosage, it can be assumed that PAAE retention is not economically viable.

Figures 7 ¢ and d show PAAE dosage vs. tensile index and PAAE dosage vs. wet
tear index at different freeness levels. The tensile indexes were practically flat, and the wet
tear indexes were increasing. The trends are broadly similar to the trends of Figs. 7 a and
b as the data points spread from 0 to 6 Ib/ton (3000 ppm). Although the PAAE dosage vs.
tensile and wet tear indexes trends were similar to the PAAE retained vs. tensile and wet
tear indexes trends, using the PAAE retained data will give better understanding about the
percentage of the chemical lost and the actual amount of chemical that is providing wet
strength to the sheet. As an example, at a dosage of 6 Ib/ton (3000 ppm) at 531 mL freeness
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(Fig. 7 c and d), the corresponding retained amount of PAAE was 3.3 Ib/ton (1650 ppm)
(Fig. 7 a and b). The lost percentage in this case was 45% with only 55% retained PAAE
in the sheet.
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Fig. 7. PAAE retained vs. tensile index (a); PAAE retained vs. wet tear index (b);
PAAE dosage vs. tensile index (c); and PAAE dosage vs. wet tear index (d)

Contour plots
The contour plots of the tensile and wet tear indexes (Fig. 8) give a broader view
of the brackets in which the factors have effect on the responses.
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Fig. 8. Contour plot of the tensile index as function of freeness and PAAE dosage (a), and the
contour plot of the wet tear index as function of freeness and PAAE dosage (b)

The tensile index contour plot (Fig. 8, a) overall shows that the tensile increased as
the freeness decreased. The highest tensile index (>55 N.m/g) was reached when the
freeness was between 370 and 500 mL and the dosage was between 1 and 2.1 Ib/ton (500
and 1050 ppm). At 300 mL freeness, the tensile index remained the same, between 50 to
55 N.m/g, even when the PAAE dosage was increased. The data suggest that excessive
PAAE usage did not increase the sheet tensile. The tensile index at 550 mL freeness was
between 45 and 55 N.m/g for different dosages, while at 700 mL freeness, the tensile index
was as high as 45 N.m/g at the highest dosage (6 Ib/ton or 3000 ppm).

Compared to the tensile index contour plot, the wet tear index contour plot shows
different trends (Fig. 8, b). Overall, the wet tear index increased as the PAAE dosage
increased. At 300 and 700 mL freenesses, the wet tear index never exceeded 8 mN.m?/g.
The highest wet tear index (>8 mN.m?/g) was obtained at 550 mL freeness.

The deductions from Figs. 3, 4 and 5 combined with the conclusions from Figs. 6,
7 and 8 help to understand the performance of PAAE application. Higher freeness (=700
mL) had the least response results in this study. At higher freeness (=700 mL), the retained
amount of PAAE was less than 3 Ib/ton (1500 ppm), the tensile index was less than 45
N.m/g, and the wet tear index was less than 7 mN.m?/g for the highest dosage of PAAE (6
Ib/ton or 3000 ppm). The statistical analysis so far revealed that higher freeness was not
the best way to improve the PAAE retention nor the paper properties. The next step is to
determine the lowest possible freeness for the best PAAE retention, tensile index, and wet
tear index.

The highest retained amount of PAAE (more than 5 lb/ton or 2500 ppm) was
observed at lower freeness (=300 mL) for higher tensile ranged between 50 and 55 N.m/g
and for wet tear index close to 8 mN.m?/g. Although this performance is impressive, the
reality is that if the pulp has a very low freeness such as 300 mL, the speed of the paper
machine will be considerably reduced for the pulp to have enough time to drain at the
forming section. The operation will suffer financial loss due to the speed reduction. The
speed reduction is due to low drainage, which in turn is due to the fines generated during
the refining process. Fines are fragments of fiber that can pass through a mesh screen of 76
micrometers in diameter (Fischer et al. 2017; Winter et al. 2021). Excessive fines have a
negative impact on the dewatering of the pulp. In the present study, the percent fines
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increased 169% from the freeness of 531 to 280 mL (Table 3). Some of the impacts of the
fines may be mitigated with the addition of drainage aids, but again at a cost.

An additional problem associated with low freeness pulp is that the highly hydrated
fiber will result in lower solids webs leaving the press section and entering the dryers.
Lower press solids result in increased drying demand, which results in speed reductions for
dryer limited machines. Another reason that the papermaker avoids excessive refining is
that the process severely shortens, curls, and cracks the fiber (Gharehkhani et al. 2015;
Mandlez et al. 2020). In this study the fiber length was reduced by 31% from 531 to 280
mL freeness (Table 3). Excessive refining makes the fiber less recyclable, thus less
sustainable.

Since the statistical results did not recommend higher freeness (=700 mL), and a
sustainable process cannot be achieved with a lower freeness (=300 mL), an optimized
freeness is needed relative to the retained amount of PAAE or the tensile index or the wet
tear index based on the need of the papermaker. At a freeness of about 550 mL, the retained
amounts of PAAE were around 3lb/ton (1500 ppm) for tensile index ranging between 40
and 55 N.m/g, and the highest wet tear index was obtained (more than 8 mN.m?/qg).
However, the decision to use different freeness or dosage depends on the paper grade or
desired types of properties improvement (tensile, wet tear) that the papermaker is targeting.
As an example, the dosage of 1.5 Ib/ton (750 ppm) PAAE corresponds to the highest tensile
increase, but no significant gain was obtained when the dosage is increased to 3 or 6 Ib/ton
(1500 or 3000 ppm) (Fig. 6, a). On the contrary, the dosage 61b/ton (3000 ppm) led to the
highest wet tear index (Fig. 6, c). Depending on the paper grade, 3lb/ton (1500 ppm) can
be used to increase the tensile strength without wasting a large amount of the chemical and
at the same time increase the wet tear. Lastly, the PAAE charged vs. tensile index and
PAAE charged vs. wet tear index graphs (Fig. 7) revealed that more PAAE was retained
before 3 Ib/ton (1500 ppm).

Alternative to Freeness Test to Predict PAAE Retention

Freeness and PAAE dosage have been shown to be significant with respect to
PAAE retention. The freeness test can be tedious, time consuming, or unavailable. To
investigate whether factors other than freeness can be used to predict the PAAE retention,
the above data analysis was redone using the corresponding zeta potentials in place of the
freeness (Table 3).

The p-values (Table 6) when using zeta potential as factor are all less than 0.001,
which was similar to those with freeness as factor.

Table 6. P-values of PAAE Retained Using Freeness and PAAE Dosage vs P-
Values of PAAE Retained Using Zeta Potential and PAAE Dosage

PAAE Retained
Factors p-values
Freeness <0.001
PAAE Dosage <0.001
Freeness * PAAE Dosage <0.001
Zeta Potential <0.001
PAAE Dosage <0.001
Zeta potential * PAAE Dosage <0.001
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The contour plot trends were also similar (Fig. 9), which suggested that instead of
the freeness test, the zeta potential measurement can be used to predict PAAE retention.
As the freeness decreases, the fiber is more open and fibrillated leading to higher surface
charge (Bhardwaj et al. 2007; Banavath et al. 2011; Gharehkhani et al. 2015).

Contour Plot of PAAE Retained vs PAAE Dosage, Freeness Contour Plot of PAAE Retained vs PAAE Dosage, Zeta Potential
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Fig. 9. Contour plot of the PAAE retained as function of freeness and PAAE dosage (a), and contour
plot of the PAAE retained as function of zeta potential and PAAE dosage (b)

The contour plots suggest that there was a strong correlation between the freeness
and zeta potential. The evidence is also in line with published finding about the effects of
refining on pulp surface charges (Banavath et al. 2011; Bhardwaj et al. 2007; Xu et al.
2017). Overall, as the retained amount of PAAE increases, freeness decreases. This
relationship can be explained by the structural change of the fiber after the refining process.
The obtained highly fibrillated fiber retains more water resulting to freeness reduction.
Moreover, the fiber charge increases after the refining process (Table 3) and favors the
attraction and retention of PAAE.

INFLUENCE OF KAPPA ON PAAE RETENTION, TENSILE INDEX, AND WET
TEAR INDEX

Kappa number or kappa basically measures the remaining lignin content in the pulp
after wood chips digestion. Higher kappa number translates to higher lignin content (Chai
et al. 2000; Matachowska et al. 2020).

Ntifafa et al. (2024). “Wet strength agent retention,” BioResources 19(3), 4568-4589. 4580




PEER-REVIEWED ARTICLE

bioresources.cnr.ncsu.edu

Table 7. PAAE Charged, PAAE Retained, Tensile Index, and Wet Tear Index

Results

Kappa 90.5 90.5 10.7 10.7 0.1 0.1

PAAE Charged (Ib/ton) 15 3 15 3 15 3
(ppm) 750 1500 750 1500 750 1500

PAAE Retained (Ib/ton) 0.54 0.83 1.09 2.32 1.22 2.61
(ppm) 270 415 545 1160 610 1305

Basis Weight (g/m?) 350.8 354.7 352.1 353.2 352.9 355.3

Tensile Index (N.m/qg) 54.0 65.5 43.0 50.6 59.7 64.7

Wet tear Index (mN.m2/g) 8.9 11.0 2.2 4.1 16.6 18.4

A new set of experiments was conducted to understand how PAAE retention is
affected by high kappa, low kappa, and bleached (no kappa) pulps. The pulp kappa
numbers were respectively 90.5, 10.7 and 0.1. The zeta potential values were respectively
-34, -46 and -51 with pH 8.5, 8.2 and 7.3. Table 7 summarizes PAAE dosages and sheet
properties data.

The responses in this section of the study were PAAE retained, tensile index, and
wet tear index (Table 7). The following p-values tables, Pareto charts, and contour plots
give clarity on the significance of the effects of kappa on PAAE retention, tensile index,
and wet tear index.

Effects of PAAE and Lignin on PAAE Retention
P-values and Pareto chart
Table 8 shows the p-values for each factor and their interaction.

Table 8. P-values of Kappa and Dosage vs PAAE Retained and Percent PAAE
Retained

PAAE Retained
Factors p-values
Kappa <0.001
PAAE Dosage <0.001
Kappa*PAAE Dosage <0.001

All the factors, kappa and PAAE dosage, and their interactions were significant for
the PAAE retained, as the p-values were less than 0.05. The Pareto chart (Fig. 10) indicated
that dosage had the most significant effect, followed by kappa.
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Pareto Chart of the Standardized Effects
(response is PAAE Retained, a = 0.05)

Term 345

Factor Name
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Fig. 10. Pareto chart of PAAE retained using kappa and dosage as factors

Contour Plots

Analysis of the contour plot (Fig. 11) shows how retained amount of PAAE
changed as the kappa and the dosage changed. The trends in the contour plot show that
more PAAE was retained as the dosage increased and the kappa decreased.

Contour Plot of PAAE Retained vs Kappa, PAAE Dosage
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Fig. 11. Contour Plot of PAAE retained as function of PAAE dosage and kappa

At the highest kappa (90) and highest dosage (3 Ib/ton or 1500 ppm), less than 1.0
Ib/ton (500 ppm) of the additive was retained. This observation simply means that more
than 65% of the chemical was lost at high kappa and high dosage. As mentioned earlier,
four main factors contribute to the development of sheet wet strength when PAAE is added
to the pulp (fiber types, concentration of the azetidinium group, adsorption time, and drying
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conditions) (Liu 2004; Obokata et al. 2005; Yoon 2006; Obokata and Isogai 2007; Su et
al. 2012; Onur et al. 2019; Weifang Huapu Chemical Co. 2021; Korpela et al. 2022). In
this study, the pulps (fiber types) were treated in similar conditions; however, the results
were not the same. The results suggest that at high kappa, the amount of lignin is high in
the sheet and the availability of the carboxylic groups on the fiber (hemicellulose,
cellulose) is low or hindered.

The low availability of carboxylic groups in high kappa pulp to react with PAAE
can be explained by the presence of lignin-carbohydrate complexes (LCC). Eight different
types of LCC bonds are known: benzyl ether, benzyl ester, glycosidic, phenyl glycosidic,
hemiacetal linkage, acetal linkage, ferulate ester, and diferulate ester. The hydrolysis of
these bonds, especially ester-based bonds, during the kraft pulping process or during the
bleaching process will make available carboxylic groups on hemicellulose and cellulose
on lower kappa and bleached pulps. In such cases, the electrostatic attraction between the
anionic carboxylated group of the fiber and the cationic azetidinium group of PAAE would
be favored (Chen 2014; Nishimura et al. 2018; Tarasov et al. 2018; Terrett and Dupree
2019; Cui et al. 2022; Susi et al. 2023).

Effects of PAAE and Lignin on Tensile Index and Wet Tear Index

PAAE application is known to increase sheet tensile and wet strength. Lignin can
provide wet strength to the sheet, and in some cases, it can reduce its tensile strength (Zhang
et al. 2013; Joelsson et al. 2020; Mattsson et al. 2021; Huang et al. 2023; Francolini et al.
2023). In this part of the experiment, the focus is on knowing individual or combined
effects of PAAE and lignin on both tensile index and wet tear index.

The p-values in Table 9 show that kappa and PAAE dosage were both significant
for the tensile index and the wet tear index (p-values < 0.05); however, their interactions
were not significant (p-values > 0.05).

Table 9. P-values of Kappa and Dosage vs. Tensile Index and Percent Wet Tear
Index

Tensile Index Wet Tear Index
Factors p-value p-value
Kappa <0.001 <0.001
PAAE Dosage <0.001 0.004
Kappa*PAAE Dosage 0.129 0.945

The tensile index and wet tear index Pareto charts in Fig. 12 provide more details
on the effects of the factors.

Pareto charts

The Pareto chart of the tensile index (Fig. 12, a) indicated that kappa was the most
significant factor with respect to the tensile strength, followed by dosage. Similar to the
tensile index Pareto chart, wet tear index Pareto chart (Fig. 12, b) indicated that kappa was
the most significant factor followed by dosage.
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Fig. 12. Pareto charts of tensile index (a) and wet tear index (b) using kappa and dosage as
factors

Contour plots
The contour plots in Fig. 13 indicate how kappa and PAAE dosage affected the
tensile index and wet tear index responses.

Contour Plot of Tensile index vs Kappa, PAAE Dosage

Contour Plot of Wet tear index vs Kappa, PAAE Dosage
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Fig. 13. Contour plots of tensile index (a) and wet tear index (b) as function of PAAE dosage and
kappa

At a glance, the contour plots of the tensile index and the wet tear index exhibited
their highest values at both extremes of kappa, whether the PAAE dosages were increased
or not. At lower kappa, the tensile index and the wet tear index increased when the dosage
increased. The trends suggest that the wet strength agent not only improves the wet strength
of the sheet but also the tensile strength (dry).

At higher kappa, the tensile index and the wet tear index increased. It was
previously shown from Fig. 11 that at higher kappa more than 65% of the additive was lost
and the interaction between the dosage and kappa was not significant (Table 8). In
deduction, lignin, which is dominant at high kappa, mainly provided high wet tear and
tensile strength for the sheet (Joelsson et al. 2020; Huang et al. 2023). On the contrary,
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when the lignin is removed, the retained amount of PAAE increases due to the availability
of carboxylic groups on hemicellulose and cellulose, resulting in high wet tear of the sheet
(Ntifafa et al. 2024).

The results suggest that to provide wet strength to the sheets, PAAE is needed in
the absence of lignin or lignin is needed in the absence of PAAE. The effect of these two
individual factors was more significant than their interaction or combination (Table 8). In
addition, Table 7 shows that the sheets with 10.7 kappa number retained more PAAE
compared to those with 90.5 kappa, but their wet tear indexes were lower. Comparing only
the amount of PAAE retained in the sheets could be misleading, as one type of samples
had more lignin than other. One can deduct that the combination of lignin and small amount
of PAAE in the sheet with kappa number 90.5 provided more wet strength.

The results indicated that lignin could provide significant wet strength to paper. The
application of natural or modified lignin as wet strength agent needs to be investigated.
Biomaterial based wet strength agent made from lignin would be more sustainable and
suitable for recyclable or repulpable paper products. Concerning the interaction of lignin
and PAAE, which is ineffective or not significant in this study, interaction p-values > 0.05
(Table 8), a possible retention agent may be used to increase the amount of the PAAE
retained in the sheet at higher kappa. The physical properties of the resulting paper should
be investigated.

The limitations of other researchers in the use of lignin as a wet strength agent are
not fully known. More investigations are needed to uncover these limitations; however, the
use of lignin as wet strength may affect the brightness of the paper as lignin tends to be
brown. Economic viability is also needed to understand if lignin is a better choice over
PAAE. The stabilities of the sheets’ wet strength over a certain period also need to be
compared between lignin based wet strength and PAAE based wet strength. Overall, in this
study, it was found that high presence of lignin will occupy cellulose fiber functional
groups, and the PAAE retention will not be enhanced.

This study did not investigate the mechanism by which lignin increases wet tear
strength; however, according to Mattsson et al. (2021), the wet strength development can
be explained by the stronger bonding between the fiber due to the interdiffusion of lignin
macromolecules.

In this study, handsheets were mainly used to understand the retention of PAAE.
The white water was not reused to retain the PAAE that drained through the wire. Often in
an industrial application, white water recirculates, allowing the chemical multiple times to
be retained in the sheets. Unfortunately, PAAE self-reacts, resulting in the deactivation of
the chemical (Gao et al. 2019; Obokata et al. 2005; Ntifafa et al. 2024). Therefore, PAAE
does not have as many opportunities to be retained in the sheet as compared to other wet
end chemicals during recirculation.

CONCLUSIONS

1. Polyamindoamine-epichlorohydrin (PAAE) is an effective wet strength resin. In this
study, statistical approaches were used to understand how retained amount of PAAE is
affected when the pulp freeness, zeta potential, kappa number, and the PAAE dosage
vary. The results indicated that additive retention increases as the freeness decreases.
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2.

PAAE retention was found to improve wet tear index and moderately improve tensile
index.

The study showed that refining to low freeness led to highly negative zeta potential,
which can be used instead of freeness to control retained amount of PAAE.

At high kappa, retained amount of PAAE in the sheet decreases. Interaction between
the additive and fiber is limited due to the presence of lignin, leading to low retention.

Sheets’ wet strength targets can be achieved by high lignin content at low PAAE
dosage, or high PAAE content at low kappa.

Lignin is a potential wet strength agent; however, its application needs to be further
investigated for the development of a biobased wet strength agent.

If possible, a retention aid to retain PAAE at high kappa may be used, and the resulting
effects on the physical properties of the paper (wet strength and tensile) should be
studied. In addition, PAAE retention using diverse types of recycled pulps needs to be
investigated.

In this study, only softwood (SW) pulp was used. More study needs to be done to
understand how 100% hardwood (HW) or blended SW/HW will affect PAE retention
and sheet properties.

ACKNOWLEDGMENTS

The authors want to thank Nichole Kilgore, Data Scientist at WestRock, for her

constant help in providing needed articles for this paper. Thanks to Fritz Paulsen, senior
R&D director for his support for this project. Thanks to the lead scientist Lebo Xu,
associate scientist Alec Wimbish, and associate scientist Liam Ryan for their tremendous
help during pulps processing and the handsheets making. Thanks to the principal R&D
technician Greg Zickafoose and the R&D technician Lydia Dalton for their help during the
physical properties testing of the handsheets.

REFERENCES CITED

Avis, R. P. (1978). “Method for increasing wet strength cure rate of paper,” U.S. Patent

No. 4076581A, 28 February 1978.

Bajpai, P. (2018). Biermann’s Handbook of Pulp and Paper: Paper and Board Making,

34 Ed., Elsevier, Amsterdam.

Banavath, H. N., Bhardwaj, N. K., and Ray, A. K. (2011). “A comparative study of the

effect of refining on charge of various pulps,” Bioresource Technology 102, 4544-
4551. DOI: 10.1016/j.biortech.2010.12.109

Bhardwaj, N., Hoang, V., and Nguyen, K. (2007). “Effect of refining on pulp surface

charge accessible to polydadmac and FTIR characteristic bands of high yield kraft
fibres,” Bioresource Technology 98, 962-966. DOI: 10.1016/j.biortech.2006.03.001

Chai, X. S., Luo, Q., and Zhu, J. Y. (2000). “A simple and practical pulp kappa test

method for process control in pulp production,” Process Control and Quality 11(5),
407-417. DOI: 10.1163/156856600750250798

Ntifafa et al. (2024). “Wet strength agent retention,” BioResources 19(3), 4568-4589. 4586



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Chen, H. (2014). “Chemical composition and structure of natural lignocellulose,”
Biotechnology of Lignocellulose, Springer Netherlands, Dordrecht, pp. 25-71. DOI:
10.1007/978-94-007-6898-7_2

Cui, S., Xie, Y., Wei, X., Zhang, K., and Chen, X. (2022). “Exploration of the chemical
linkages between lignin and cellulose in poplar wood with 13C and deuterium dual
isotope tracer,” Ind. Crops Prod. 187, article 115452. DOI:
10.1016/j.indcrop.2022.115452

Espy, H. H. (1997), “Repulping wet strength paper and paperboard with persulfate and a
carbonate buffer,” U.S. Patent No. 5674358A, 7 October 1997.

Espy, H. H. (1994). “Absorbance and permanent wet-strength in tissue and toweling
paper,” U.S. Patent No. 5,316,623, 31 May 1994.

Fischer, W., Mayr, M., Spirk, S., Reishofer, D., Jagiello, L., Schmiedt, R., Colson, J.,
Zankel, A., and Bauer, W. (2017). “Pulp fines - Characterization, sheet formation,
and comparison to microfibrillated cellulose,” Polymers 9(12), article 366. DOI:
10.3390/polym9080366

Francolini, 1., Galantini, L., Rea, F., Di Cosimo, C., and Di Cosimo, P. (2023).
“Polymeric wet-strength agents in the paper industry: An overview of mechanisms
and current challenges,” Int. J. Mol. Sci. 24. DOI: 10.3390/ijms24119268

Gao, D., Fan, B., Zhang, B., Mi, Y., Zhang, Y., and Gao, Z. (2019). “Storage stability of
polyamidoamine-epichlorohydrin resin and its effect on the properties of defatted
soybean flour-based adhesives” Int. J. Adhes. Adhes. 91. DOI:
10.1016/j.ijadhadh.2019.03.006

Gharehkhani, S., Sadeghinezhad, E., Kazi, S. N., Yarmand, H., Badarudin, A., Safaeli,
M., and Zubir, M. N. (2015). “Basic effects of pulp refining on fiber properties — A
review,” Carbohydrate Polymers 115(22), 785-803. DOI:
10.1016/j.carbpol.2014.08.047

Hawes, J. M., and Doshi, M. R. (1986). “The contribution of different types of fines to
the properties of handsheets made from recycled paper,” Proceeding Pulping
Conference, TAPPI, Toronto, Canada, Oct 26-30, pp. 613-620

Huang, H., Xu, C., Zhu, X., Li, B., and Huang, C. (2023). “Lignin-enhanced wet strength
of cellulose-based materials: A sustainable approach,” Green Chemistry 25(13),
4995-5009. DOI: 10.1039/D3GC01505J

Joelsson, T., Pettersson, G., Norgren, S., Svedberg, A., Hoglund, H., and Engstrand, P.
(2020). “Improving paper wet strength via increased lignin content and hot-pressing
temperature,” TAPPI Journal 19(10), 487-497. DOI: 10.32964/TJ19.10.487

Korpela A., Jaiswal, A. K., Tanaka, A., and Asikainen, J. (2022). “Wet tensile strength
development of PAE wet-strengthened NBSK handsheets by AKD internal sizing,”
BioResources 17(2), 3345-3354. DOI: 10.15376%2Fbiores.17.2.3345-3354

Jain, S. K., Dutt, D., and Jain, R.K. (2022). “Application of additives to manufacture
quality towel grade tissue paper with accelerated productivity,” Mater. Today Proc.
59(1), 442-448. DOI: 10.1016/j.matpr.2021.11.454

Liu, J. (2004). “Effects of chemical additives on the light weight paper,” Dissertation,
Georgia Institute of Technology

Matachowska, E., Dubowik, M., Lipkiewicz, A., Przybysz, K., and Przybysz, P. (2020).
“Analysis of cellulose pulp characteristics and processing parameters for efficient
paper production,” Sustainability 12(17), 7219. DOI: 10.3390/su12177219

Ntifafa et al. (2024). “Wet strength agent retention,” BioResources 19(3), 4568-4589. 4587


https://doi.org/10.1007/978-94-007-6898-7_2
https://doi.org/10.1007/978-94-007-6898-7_2

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Mandlez, D., Zangl-Jagiello, L., Eckhart, R., and Bauer, W. (2020). “Softwood kraft pulp
fines: Application and impact on specific refining energy and strength properties,”
Cellulose 27(17), 10359-10367. DOI: 10.1007/S10570-020-03467-1

Mattsson, A., Joelsson, T., Miettinen, A., Ketoja, J. A., Pettersson, G., and Engstrand, P.
(2021). “Lignin inter-diffusion underlying improved mechanical performance of hot-
pressed paper webs,” Polymers 13(15), article 2485. DOI: 10.3390/polym13152485

Nishimura, H., Kamiya, A., Nagata, T., Katahira, M., and Watanabe, T. (2018). “Direct
evidence for a ether linkage between lignin and carbohydrates in wood cell walls,”
Sci. Rep. 8, article 6538. DOI: 10.1038/s41598-018-24328-9

Ntifafa, Y. (2021). “Enzymatic approach to improve tensile, freeness and brightness,”
Master Dissertation, University of North Dakota.
https://commons.und.edu/theses/4175, accessed 29 Jan 2024

Ntifafa, Y., Ji, Y., and Hart, P. W. (2023). “An analytical method to quantitatively
determine the amount of polyamide epichlorohydrin (PAE) in paperboard and white
water,” TAPPI J. 22(2), 138-144. DOI: 10.32964/TJ22.2.138

Ntifafa, Y., Ji, Y., and Hart, P. W. (2024). “Polyamidoamine epichlorohydrin (PAAE)
wet-strength agent: Generations, applications, performance, and recyclability in
paperboard and linerboard,” Bioresources [Manuscript submitted for publication].

Obokata, T., and Isogai A. (2007). “The mechanism of wet-strength development of
cellulose sheets prepared with polyamideamine-epichlorohydrin (PAE) resin,”
Colloids Surf. A — Physicochem. Eng. Asp. 302(1-3), 525-531. DOI:
10.1016/j.colsurfa.2007.03.025

Obokata, T., Yanagisawa, M., and Isogai, A. (2005). “Characterization of
polyamideamine-epichlorohydrin (PAE) resin: Roles of azetidinium groups and
molecular mass of PAE in wet strength development of paper prepared with PAE,” J.
Appl. Polym. Sci. 97(6), 2249-2255. DOI: 10.1002/app.21893

Onur, A., Ng, A., Garnier, G., and Batchelor, W. (2019). “The use of cellulose nanofibres
to reduce the wet strength polymer quantity for development of cleaner filters,” J.
Clean. Prod. 215(1), 226-231. DOI: 10.1016/j.jclepro.2019.01.017

Panek A., Panek J., Faught J., and Hart P.W. (2021). “Understanding wet tear strength at
varying moisture content in handsheets,” Tappi J. 20, 29-35. DOI:
10.32964/TJ20.1.29

Pulp Paper Mill (2014). “Pulp freeness tester,” (http://www.pulppapermill.com/pulp-
freeness-tester/), accessed 28 Dec 2023

Rita, T., Mathur, R. M., and Kulkarni, A. G. (1999). “Recycling of wet strength paper,”
IPPTA 11, 19-26.

Staib R. (2005) “Process for preparing wet-resistant paper,” German Patent No.
DE69829410T2, 21 Avril 2005.

Su, J., Mosse, W. K. J., Sharman, S., Batchelor, W., and Garnier, G. (2012). “Paper
strength development and recyclability with polyamideamine-epichlorohydrin
(PAE),” BioResources 7(1), 913-924. DOI: 10.15376/biores.7.1.913-924

Susi, S., Ainuri, M., Wagiman, W., and Falah, M.A.F. (2023). “High-yield alpha-
cellulose from oil palm empty fruit bunches by optimizing thermochemical
delignification processes for use as microcrystalline cellulose,” Int. J. Biomater.
2023, 1-15. DOI: 10.1155/2023/9169431

TAPPI T 205 sp-18 (2018). “Forming handsheets for physical tests of pulp,” TAPPI
Press, Atlanta, GA.

Ntifafa et al. (2024). “Wet strength agent retention,” BioResources 19(3), 4568-4589. 4588



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

TAPPI T 227 om-21 (2021). “Freeness of pulp (Canadian standard method),” TAPPI
Press, Atlanta, GA.

TAPPI T 236 om-22 (2022). “Kappa number of pulp,” TAPPI Press, Atlanta, GA.

T 414 om-21 (20021) “Internal tearing resistance of paper (EImendorf-Type Method),”
TAPPI Press, Atlanta, GA.

TAPPI T 494 om-22 (2022). “Tensile properties of paper and paperboard (using constant
rate of elongation apparatus),” TAPPI Press, Atlanta, GA.

Tarasov, D., Leitch, M., and Fatehi, P. (2018) “Lignin—carbohydrate complexes:
properties, applications, analyses, and methods of extraction: a review,” Biotechnol.
Biofuels 11, 269. DOI: 10.1186/s13068-018-1262-1

Terrett, O.M., and Dupree, P. (2019) “Covalent interactions between lignin and
hemicelluloses in plant secondary cell walls,” Curr. Opin. Biotechnol. 56, 97-104.
DOI: 10.1016/j.copbio.2018.10.010

Vé&ha-Nissi, M., Lappalainen, T., and Salminen, K. (2018). “The wet strength of water-
and foam-laid cellulose sheets prepared with polyamideamine-epichlorohydrin (PAE)
resin,” Nord. Pulp Paper. Res. J. 33(3), 496-502. DOI: 10.1515/npprj-2018-3056

Weitang Huapu Chemical Co. Ltd. (2021). “How to use PAE wet strength agent,”
(http://www.huapuchem.cn/en/nd.jsp?id=24), accessed 28 Dec 2023.

Winter, A., Gindl-Altmutter, W., Mandlez, D., Bauer, W., Eckhart, R., Leitner, J., and
Veigel, S. (2021). “Reinforcement effect of pulp fines and microfibrillated cellulose
in highly densified binderless paperboards,” Journal of Cleaner Production 281,
article 125258. DOI: 10.1016/j.jclepro.2020.125258

Xu, L., Pruszynski, P. E., and Hart, P. W. (2017). “Effect of conductivity on paper and
board machine performance — A review and new experiences,” TAPPI Journal
16(10), 567-579. DOI: 10.32964/tj16.10.567

Yoon, S.-H. (2006). “Adsorption kinetics of polyamide-epichlorohydrin on cellulosic
fibres suspended in aqueous solution,” J. Ind. Eng. Chem. 12, 877-881.

Zhang, S.-Y., Fei, B.-H., Yu, Y., Cheng, H.-T., and Wang, C.-G. (2013). “Effect of the
amount of lignin on tensile properties of single wood fibers,” Forest Science and
Practice 15(1), 56-60. DOI: 10.1007/s11632-013-0106-0

Article submitted: January 29, 2024; Peer-review completed: March 9, 2024; Revised
version received: March 25, 2024; Accepted: March 27, 2024; Published: May 24, 2024.
DOI: 10.15376/biores.19.3.4568-4589

Ntifafa et al. (2024). “Wet strength agent retention,” BioResources 19(3), 4568-4589. 4589


https://doi.org/10.32964/tj16.10.567

