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ABSTRACT

The development of economic and functional papers relies on the introduction of functional filler particles but
faces several challenges, especially the low filler retention and inferior mechanical properties. This study in-
troduces plant-based cellulose nanofibrils (CNFs) as dual-function retention and strengthening agents, offering a
sustainable alternative to petroleum-based polymer additives. Precipitated calcium carbonate (PCC), a widely
used filler, is selected as the model system. The effects of CNF dosage, aspect ratio, and surface carboxyl content
on the filler flocculation process were systematically investigated, with additional enhancement achieved
through cationic ion crosslinking to improve filler bridging. Remarkably, a superior filler retention rate (>90 %)
and filler-tensile factor (2.0) were achieved for the final papers at very low CNF dosage (1 %), surpassing most
literature data. Detailed analyses of filler morphology and distribution elucidated the structure-property re-
lationships underlying this performance. Furthermore, the versatility of the approach was demonstrated with
other functional fillers, imparting properties such as flame retardancy, oil/water separation, high brightness, and
soluble organic pollutant absorption. Overall, this study reveals the critical feature of CNFs in simultaneously
improving filler retention and mechanical properties, demonstrating their high potential for their applications in

the papermaking industry.

1. Introduction

Fillers have long been integral to papermaking for various reasons,
including reducing pulp usage, increasing paper structural density, as
well as providing functionalities (Dong et al., 2008; Griggs, 1988; Shen
et al., 2011). Such functionalities are often ensured by high filler con-
tents. For example, titanium dioxide (TiO3) is commonly used to
enhance brightness in decoration paper, magnesium hydroxide (Mg
(OH),) is added for fire retardancy, and silica (SiO3) is utilized to tailor
the hydrophobicity (M. Hubbe & Gill, 2016). Among these minerals
fillers, precipitated calcium carbonate (PCC) is one of the most
commonly used fillers that can substitute >30 % of the pulp fibers in the
final paper products due to its abundance and low cost (Gaudreault
et al., 2015). However, their fine size, more-or-less spherical shape, and
inferior bonding ability to pulp fibers cause two significant drawbacks:
1) low filler retention rate as the fillers are prone to lose through the

sieves (M. Hubbe et al., 2009), and 2) vastly decreased mechanical
properties due to the disruption of the original fiber-fiber bonding (M.
Hubbe & Gill, 2016; Shen et al., 2010).

Different strategies have been developed to increase the retention
rate, including: 1) fiber lumen loading method that deposits fillers inside
the lumen instead of the inter-fiber regions (Allan et al., 1992); 2) filler
pre-flocculation method to generate large cluster particles (Sang et al.,
2011b); 3) fillers surface modification to directly improve the bonding
between pulp fibers and fillers (X. Huang et al., 2014); 4) adding floc-
culation/retention agents such as cationic polyacrylamide (CPAM) (De
Oliveira et al., 2009; Kang et al., 2020; Subramanian et al., 2007), chi-
tosan (Ghosh et al., 2020), cationic starch (Peng et al., 2015; Sang et al.,
2011a; Sang et al., 2011b), etc. to modulate the filler aggregate size and
improve the mechanical interception between fillers and fibers. On top
of that, the addition of strengthening agents such as starch, poly-
acrylamide (PAM), and carboxymethyl cellulose (CMC) is normally
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