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Abstract
Cellulose – either in solid form or as a highly hydrophilic chemical derivative of
cellulose – can serve multiple and synergistic roles in the preparation of absorbent
materials to meet the requirements of diverse absorbent products. Progress in the
preparation of nanocellulose products, including nanocrystalline cellulose
(CNC), nanofibrillated cellulose (NFC), and bacterial cellulose (BC), is opening
up new possibilities for the reinforcement of hydrogels. Conventional cellulosic
fibers, including kraft pulp fibers (e.g., fluff pulp), mechanically pulped lignocel-
lulosic fibers, and recycled paper fibers can provide a structure to fine-tune the
mechanical and drainage properties of products that can include superabsorbent
materials. Carboxymethylcellulose (CMC) is an especially strong candidate for
preparation of the swellable phase of a hydrogel. The high content of carboxylic
acid groups in CMC gives rise to a strong swelling tendency, especially at neutral
to alkaline pH values. The uptake of water can be understood based on concepts
of osmotic pressure, in addition to any salinity in the fluid that is being absorbed.
The swelling can be adjusted by the choice and amount of a cross-linking agent.
Notably, some of the needed cross-linking effect can be optionally provided by
nanocellulose or conventional cellulosic fibers. Combinations of solid cellulose
entities and water-soluble cellulose-based polyelectrolytes can be used to prepare
completely bio-based products that offer an alternative to the presently available
disposable absorbents, which are based mainly on petroleum-based super-
absorbent hydrogels. Chemical and physical aspects of cellulose and its deriva-
tives also help determine what happens during drying of absorbent products;
some swelling ability may be lost irreversibly due to highly organized hydrogen
bonding and coalescence of the cellulose-based macromolecular chains. Since
cellulose can be involved in both the structural and chemical aspects of highly
absorbent products, there will be unique mechanistic roles governing water
uptake, water holding, and even the environmental impacts of cellulose-based
absorbent products.

Keywords
Hydrogel · Carboxymethylcellulose (CMC) · Osmotic swelling · Cross-linking ·
Biodegradable · Nanofibrillated cellulose (NFC) · Cellulose nanocrystals (CNCs)

1 Introduction

The goal of this chapter is to review the main mechanisms by which cellulose and its
derivatives can participate in highly water-absorbent products. A key challenge lies
in the fact that cellulose itself – either in its native form or after conventional
isolation methods – is merely absorbent, but not highly or “super”-absorbent. To
qualify as a superabsorbent, a material must have the capacity to take up at least 10 g
or water per g of solids [1], and the system also should be resistant to squeezing [2].
Articles considered in this review chapter most often report absorption capacities in
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the range 100–1000 g water per g of superabsorbent polymer. It has been shown that
certain chemical derivatives of cellulose, in particular carboxymethylcellulose
(CMC), can indeed be used as a main ingredient of superabsorbent hydrogels [3].
Cellulose itself – in the form of fibers, nanofibrillated cellulose (NFC) and cellulose
nanocrystals (CNCs) – can potentially be employed as components in highly
absorbent hydrogel systems. So, in considering the mechanistic role of “cellulose,”
the present chapter takes a broad view, considering everything from native ligno-
cellulosic fibers, to nanocellulose products, to water-soluble polymeric derivatives of
cellulose for use in highly absorbent products. The fact that cellulose can fulfil so
many different and overlapping roles in absorbent-related technologies attests to the
unique nature of this remarkable macromolecule. The wider topic of super-
absorbency also has been addressed in earlier review articles [1, 2, 4, 5].

Daunting challenges need to be overcome if the goal is to replace the currently
used superabsorbent products with cellulose-based materials. Over 90% of the
superabsorbent polymer (SAP) presently in use is based on acrylic-based polymers,
i.e., lightly cross-linked sodium polyacrylate hydrogels. This is the major absorbent
material in disposable diapers and feminine pads. Because manufacturing costs for
such SAPs are presently much lower in comparison to any natural-based super-
absorbent materials, it is reasonable to expect that the acrylate-type SAPs will remain
dominant in the market for the foreseeable future. On the other hand, polyacrylates
are derived from petroleum resources, which eventually will become depleted.
Though the transition from a fossil resource-based economy to a sustainable econ-
omy has been slow, it is important to pursue steps in that direction. One of the most
important contributions that researchers can make toward more rapid implementa-
tion of cellulosic materials in disposable absorbent products is to find ways to lower
the costs of manufacturing such products as CMC.

2 Why Cellulose

2.1 General Aspects

Cellulose is highly available, relatively low in cost, and, at least in its native state,
highly eco-friendly. The amount of cellulose grown annually on the planet through
photosynthesis has been estimated to be in the neighborhood of 1017 g [6]. Though
much of the total cellulose that grows each year either decays, is burned for fuel, or is
used for wood products, the amounts converted into papermaking fibers, chemical-
grade cellulose (dissolving pulp), grown as cotton, etc. are still very large. Table 1
provides some estimates of the amounts of cellulose, in various forms, that are
produced in the world each year. Note that the amount of “fluff pulp” shown in the
table is highly relevant to the focus of this chapter, since fluff pulp is a major
component of typical disposable diapers and other highly absorbent products [7, 8].

Another main component of typical disposable diapers, incontinence pads, tam-
pons, and other such product is superabsorbent polymer (SAP) hydrogels. These
currently are mainly based on poly(acrylic acid) or copolymers of acrylic acid and
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acrylamide, which are nonrenewable, petroleum-based products [8, 14]. A hydrogel
will be defined here as a hydrophilic polyelectrolyte having a range of cross-linking
that allows it to swell in water but not dissolve. The amount of synthetic SAPs used
per year is over 1.5 � 1012 g [5, 12]. By comparing this number with other data
shown in Table 1, two things become clear. First, the amount of SAP being produced
each year is just a tiny fraction of the amount of cellulose that is being isolated each
year in various forms. Second, the amount of SAP is larger than the current
worldwide production of carboxymethylcellulose, and it is almost of the same
magnitude as the world production of dissolving pulp, which has a variety of current
uses. It follows that, if it were decided to replace the present SAP output with
cellulose products, the present production capacity for dissolving-grade pulps
would not be sufficient.

Perhaps to a greater extent than its abundance, one of the primary reasons that
researchers have been motivated to consider cellulose as a source for making
highly absorbent products is the environmentally friendly nature of the raw
material. Since cellulose is produced naturally by photosynthesis, its usage in
place of petroleum-based chemicals has the potential to reduce the net production
of carbon dioxide [15]. Based on the assumption that the forests from which
wood is obtained are replanted and managed in an efficient and sustainable
manner, such practices have the potential to minimize the production of green-
house gases over the long term.

Although biodegradability has been viewed as an inherent advantage of cellulose-
based products, compared to petroleum-derived SAP, a critical examination is
needed of each case. On the one hand, native sources of cellulose (e.g., wood,
cotton, bacterial cellulose, etc.) all are subject to natural decay [16, 17]. Researchers
have shown that various cellulose-based sorbent materials are biodegradable
[18–27]. Acrylamide-based or acrylic acid-based materials generally exhibit slow
degradation rates [28–31]. However, under well-managed composting conditions,
favorable rates of decomposition acrylic acid-based disposable diapers, including
detoxification, have been reported [32, 33].

Rates of biodegradation of polymers, including natural polymers, will be affected
by chemical modifications. For instance, carboxymethylcellulose is readily degraded

Table 1 Estimates of annual world production of various classes of cellulose vs. superabsorbent
polymer market

Category of cellulose Annual production (g) Citation

Total cellulose growth 1017 [6]

Total nontropical forest cellulose growth 3 � 1015 [6]

Harvested wood (assuming 1 m3 = 106 g) 1015 [9]

Delignified fiber (kraft pulp, etc.) production 1014 [10]

Kraft fluff pulp for absorbent products 7 � 1012 [11]

Dissolving-grade pulp production 2.6 � 1012 [10]

Current superabsorbent polymer production 2 � 1012 [12]

Current carboxymethylcellulose production 5.4 � 1011 [13]
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by cellulase enzymes [34]. But other chemical transformations, such as chemical
derivatization and cross-linking (see later sections), sometimes have a negative
effect on biodegradation [35]. A further difficulty is that SAP-containing prod-
ucts are often buried under conditions where any degradation is either very slow
due to lack of oxygen or where decomposition results in the production of
methane, which is a highly potent contributor to global warming [16, 17,
28]. There is a continuing need for environmental impact assessments to compare
petroleum-based superabsorbent products and similar products based on CMC or
other natural-based materials [36, 37]. Future studies will be needed in order to
confirm the working hypothesis here that (a) cellulose-based absorbent products
are likely to be more biodegradable than currently used SAP materials and (b) the
greater biodegradability can have an important ecological advantage either when
using state-of-the-art waste disposal practices. Future alternative processes might
be based on composting [32, 33, 38, 39] or anaerobic treatments with efficient
retrieval of methane [40, 41]. Incineration is often regarded as unattractive due to
the high water content of used SAPs [42].

2.2 Chemical Aspects

Two main aspects of cellulose that are likely to be important for the preparation of
absorbent products will be considered in this section – the generally hydrophilic
nature of cellulosic materials (with attention to the role of –OH groups) and the
ionically charged nature of many cellulosic materials, with particular focus
on –COO� groups.

As is well known, pure cellulose is a homopolymer of anhydroglucose units that
are joined together by β-glycosidic bonds. Each six-carbon glucose unit contains
three –OH groups. Native cellulose from wood commonly has degree of polymer-
ization (DP) values in the range of about 3000–5000 [43]. In woody plant materials,
cellulose is present in combination with hemicellulose and lignin, of which the
hemicellulose generally causes the mixture to be more hydrophilic [44, 45] and
the lignin causes the combined material to be more hydrophobic [46]. Cellulosic
plant materials also contain relatively small amounts of extractives, most of which
contribute to a hydrophobic tendency [47]. The percentages of these components, in
typical wood from temperate climates, fall into ranges of about 40–45% cellulose,
25–35% hemicellulose, 20–30% lignin, and 2–5% extractives [48]. Cotton repre-
sents a special case of cellulosic material; as a seed hair material, it consists mainly of
cellulose, but in nature it has a hydrophobic coating of wax [49].

Processing of cellulosic materials can change their chemical composition greatly.
For example, the kraft pulping of wood and other materials such as sugarcane
bagasse and bamboo is intended to remove mainly the lignin portion, along with
most of the extractives and a portion of the hemicellulose [48, 50]. By contrast,
mechanical pulping of wood typically achieves separation of the fibers from each
other while maintaining a yield of over 90% of the original solids. Processing of
cotton typically entails removal of the natural wax [49].
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2.2.1 Hydrophilic –OH Groups
Due to its polar nature and its ability to participate in hydrogen bonding, the –OH
group is well known to contribute to the water-loving nature of many organic
compounds [51]. The greater electronegative character of the oxygen atom, com-
pared to that of hydrogen, creates a dipole of approximately 1.7–2.5 D
[52]. In aqueous solutions, such dipoles contribute to a transient (pico-second
duration) lining up of –OH groups belonging to the water, as well as to other
compounds [53], and the energy of such interactions contributes to wetting and
solubilization of various materials in water. Due to its partly crystalline structure (see
later), the cellulose does not dissolve, though it is generally agreed that the polar
interactions are favorable for the swelling of cellulosic materials in water [54].

A second way that –OH groups can contribute to hydrophilic character is via
hydrogen bonding. The hydrogen atom is unique in nature in having only one
electron per atom. When a hydrogen atom is covalently bonded to oxygen, a more
electronegative atom, the pair of electrons participating in bonding (or the density of
the wave function) tends to spend a disproportionate amount of time or be enriched
near to the oxygen [55]. This leaves the hydrogen nucleus (a proton) relatively
exposed and available for secondary interactions with the lone pairs of electrons on
the oxygen atoms of other water molecules in the neighborhood. The hydrogen
bonds thus formed have energies ranging from about 1.4 to 7 kcal/mole [56]. The
lifetime of an individual hydrogen bond in the bulk phase of water is about
0.4 � 10�12 s [57]. The ability of hydrogen bonds to very rapidly form and detach
from each other, in a continually shifting structure, helps to account for the strong
cohesive forces within water, in combination with an ability to flow as a liquid, if not
frozen. Figure 1 provides a pictorial representation of an –OH group-rich cellulosic
surface with a “snapshot” of possible orientations of water molecules as they
participate in transient preferential orientations with the surface groups and as
clusters with each other [53].

Though there are three –OH groups for each anhydroglucose unit that comprises
cellulose, only a small portion of such groups are typically available for interaction
with the surroundings, including water molecules. That is because a large proportion
of such groups will be arranged in highly organized patterns of intramolecular and
intermolecular hydrogen bonding within the cellulose phase [58]. Typical native

Cellulosic phase
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Fig. 1 Schematic diagram
illustrating a possible transient
orientation of water molecules
at a cellulosic surface under
the influence of polar
interactions and hydrogen
bonding
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celluloses have crystalline contents in a range of about 40–80% [59], and it is clear
that –OH groups located in the interior of such regions have essentially no ability to
participate in interactions with water molecules [60].

2.2.2 Charged –COO� Groups
Native cellulose, in its raw forms, is of neutral charge in aqueous suspension.
However, ionic functional groups attached to cellulose chains can play a large role
in the ability of cellulosic materials to swell in water. To begin with, hemicellulose
macromolecules of various types either already contain carboxylic acid functional-
ities or they contain acetate groups that can be easily converted to charged form by
hydrolysis reactions [61]. Further amounts of –COO� groups are provided by lignin
structures [48] and by various extractives, such as fatty acids and resin acids
[47, 48]. Table 2 provides some typical values for the amounts of –COO� groups
within native woods, compared to those in a cellulose derivative and polyacrylate.

The energy associated with the interaction of a –COO� group (in its Na+ salt
form) with surrounding polar water molecules is approximately 4 kcal/mole [65].
This value may at first suggest that ionic groups will have a large influence on
swelling and absorbency properties of cellulosic materials. But that will be true only
when the densities of such groups are either naturally high (e.g., due to the presence
of hemicellulose) or that there has been chemical derivatization of the cellulosic
material. Common cellulosic fiber materials have carboxylic acid contents ranging
from just 5 μeq/g in the case of cotton to about 44–66 in the case of bleached
hardwood kraft pulps [62]. These are very low values in comparison to SAPs, as
shown in Table 2. Thus, for purposes of achieving high absorbency of water, there is
a strong motivation to consider chemical derivatization as a means of increasing the
charge density and increasing the absorption capacity of native cellulose.

Figure 2 depicts the main reaction for the preparation of carboxymethylcellulose
(CMC), usually starting with dissolving pulp (e.g., highly delignified wood pulp)
[66]. Commercial grades of CMC are widely available. The degree of substitution
(per anhydroglucose unit) can range from about 0.4 to about 2.2 [18, 63, 64]. A DS
value of 0.4 is generally high enough to allow solubilization of the polymeric material,
as long as the pH is high enough to dissociate the carboxylic acid groups. But it is the
relatively high-DS CMC products, with their correspondingly higher swelling ten-
dency and strong solubility in water, which are regarded as promising components of
highly absorbent hydrogels [18]. Such hydrogels are often cross-linked by application

Table 2 Typical levels of carboxylic acid groups in common cellulosic materials

Type of cellulosic material Carboxylic acid content (μeq/g) Citation

Cotton linters 5 [62]

Bleached softwood kraft fibers 29 [62]

Bleached hardwood kraft fibers 44–66 [62]

Unbleached softwood kraft fibers 83 [62]

Carboxymethylcellulose (DS 0.64–2.2) 3277–8127 [18, 63, 64]

Polyacrylic acid, sodium salt 10,600 Calculated
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of gamma radiation [16, 18, 19, 64, 67]. Though highly absorbent materials also can
be obtained with other ethers and esters of cellulose, the results generally have not
been as favorable as those achieved with CMC [68].

An alternative way to increase the level of carboxylic acid groups at the
cellulose surface is by grafting. For example, Gurdag et al. [69] and Margutti
et al. [70] carried out pioneering work in the grafting of acrylic acid chains to
cellulose. The resulting structures from such reactions show greatly enhanced
water-absorbing capabilities.

Another chemical reaction that has important implications for cellulose-based
absorbent products is formation of sulfate ionic groups, which are often referred to as
sulfate half-esters [71]. As will be described more in Sect. 2.3.4, treatment with
concentrated sulfuric acid is widely used for the preparation of cellulose nanocrystals
(CNCs). In addition to liberating the crystals, such treatment yields cellulosic
surfaces that are covered with –OSO3

� ionic groups. Since sulfuric acid is a strong
acid, such groups maintain their negative charge throughout the range of pH values
considered by most investigators. Zhang et al. [72] showed that sulfate half-ester
groups can be especially effective in increasing the water retention value [73] of
bleached kraft fibers.

2.3 Structural Aspects

Absorbency typically involves swelling of an absorbent material, i.e., a change of it
dimensions as the liquid enters. It follows that structural aspects of cellulosic
materials, including their ability to expand or their tendency to restrain expansion,
can affect absorption performance.

Some aspects of cellulose material structure are determined by its chemical
composition, while others are related to details of plant growth. Yet others are related
to the higher-level organization of cellulose, hemicellulose, and lignin into fibers and
larger parts of woody plants. Further structural details depend on how the cellulosic
material may have been separated into component fibers (i.e., pulping) or subse-
quently converted to nanofibrillated or nanocrystalline forms. These structures, if
present, may affect properties of the absorbed products, so some aspects will be
considered here.

Fig. 2 Alkali-catalyzed reaction of cellulose with chloroacetic acid (sodium form) to produce
carboxymethylcellulose (CMC)
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2.3.1 Inherent Structural Tendencies of Cellulose
Cellulose is inherently fibrillar. This characteristic becomes clear if one attempts to
prepare spherical cellulose structures at a nanoscale [74]. When cellulose is precip-
itated from solution, usually by introducing a non-solvent or otherwise changing the
conditions of the medium, the precipitated matter is generally in the form of fibers or
an extruded filament or sheet composed of fibrillar elements at the nanoscale [75].
This behavior can be attributed, at least in part, to details of cellulose’s molecular
structure – which is linear, free of branches, and having –OH groups in a suitable
position to form both intra-chain and interchain hydrogen bonds [58]. The intramo-
lecular bonds tend to hold the molecules in a straight-line position. The tendency for
linear alignment is reinforced by the action of hydrogen bonding that can develop
between adjacent cellulose molecules, especially if the chains are lined up in parallel.
The molecular conformation, including the participation of hydrogen bonds in that
conformation, has been confirmed by X-ray crystallography [58] as well as by
molecular dynamics simulations [76].

During biosynthesis of cellulose, there is evidence that individual cellulose chains
are formed from glucose in six-sided rosette-shaped proteinaceous structures in the
cell walls of plants [77] and that the extruded chains somehow come together in a
parallel, proto-crystalline form [78]. The result, in typical plant materials, is the
formation of crystalline zones having widths of about 3–8 nm [79]. In woody plants,
these crystalline zones are enmeshed within a matrix of noncrystalline components,
mainly consisting of hemicellulose and lignin [48]. In addition, X-ray crystallogra-
phy consistently indicates that some of the cellulose is also present in either a
noncrystalline (amorphous) form or at least having defects in the pattern of crystal-
linity [79]. For instance, Nishiyama et al. [80] found evidence that sequences of
approximately 4–5 anhydroglucose subunits tend to deviate from crystallinity within
native cellulose material and that the adjacent parts of the chains are within crystal-
line zones. It is widely believed that these noncrystalline zones of cellulose have an
enhanced tendency to interact with water [60, 81, 82].

At nano-dimensions, the ability of cellulosic materials to swell and accommodate
water is generally attributed to either (a) swelling of noncrystalline zones or
(b) opening up of spaces between crystalline zones, i.e., a form of partial nanoscale
delamination.

2.3.2 Fibers
A typical softwood kraft fiber of the “fluff pulp” type [7] will readily take up about
12 g or water per g of solid matter [1, 5]. Though this value is high enough to meet
Kabiri’s [1] criterion of superabsorbency, as given earlier, it is well known that water
can be easily squeezed from fluff pulp. To understand why fluff pulp takes up water
so readily, it can be useful to consider the layered structure of natural fibers in wood,
as illustrated in Fig. 3.

The mechanical ability of kraft fibers to increase their radial dimensions when
exposed to aqueous solution can be understood based on the directionality of
cellulose macromolecules and microfibrils within the dominant (S2) sublayer of
the cell wall [83]. Within that layer, the chains are oriented not far from a parallel
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alignment (often deviating by 10–15�) from the fiber axis. Since the stiffness and
crystalline content of the fibrils prevents them from stretching much in the length-
wise direction, most expansion resulting from immersion in water occurs perpen-
dicular to the fiber length. Within intact wood such swelling is limited by three
factors, namely, (a) the presence of a stiff, relatively hydrophobic lignin-rich zone
(the middle lamella) that joins the fibers to each other; (b) the presence of an S1 layer,
in which the cellulose macromolecules and microfibrils essentially wrap around the
fiber circumferences, thus constraining their outward expansion; and (c) the close
integration of the cellulose microfibrils with densely packed matrix materials, mainly
lignin and hemicellulose. Eriksson et al. [44] showed that selective removal of lignin
from solid wood greatly increased the uptake of water. Chemical pulping, employing
such reagents as NaOH and Na2S, can effectively remove lignin and a part of the
hemicellulose, thus rendering the material porous within a range of about 2–100 nm
[84]. The mesoporous nature can be regarded as a first step in enabling subsequent
internal delamination and swelling of the fibers.

Delamination and swelling of delignified fibers is further enabled if and when the
fibers are subjected to mechanical refining, which is an almost universal practice
when preparing the fibers for papermaking. Common refining practices entail pas-
sage of a 4–8% solid suspension of fibers between a rotor and stator having raised
rectangular “bar” areas, which repeatedly compress and shear bunches of the fibers.
Even a relatively short application of refining, especially after delignification, is able
to break up and remove both the primary (P) layer and the S1 sublayer, such that the
remaining material in the S2 layer is no longer impeded from expanding outward
from the fiber axis. The shearing action of refining also tends to open up spaces
between fibrils within the S2 layer, causing partial delamination. Concurrently, the
fibers become increasingly swollen with water.

At this point in the discussion, a reality check may be helpful. Although an
ordinary paper towel can take up about 5–10 times its mass of water [85], this is only
a minor fraction of what is expected for modern superabsorbent materials, e.g., an
absorbency mass ratio of 100–1000. While kraft fibers may constitute a major
component of such products as disposable diapers, it is clear that they do not account
for the majority of the absorbency. Fluff pulp fibers, which are about 3 mm long and
about 30–50 μm thick, provide three main functions within highly absorbent
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Fig. 3 Schematic diagram of
a fiber within wood, showing
the relative thicknesses of
different layers and indicating
the predominant orientation of
cellulosic macromolecules
and fibrils in those layers
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products: providing a place for the SAP to be contained, serving as channels for the
wicking of liquid so that it can reach all the SAP quickly, and providing structure to
the highly absorbent garment.

2.3.3 Nanofibrillated Cellulose (NFC)
Very extensive mechanical refining of cellulosic fibers, such as from kraft pulps,
cotton, and other plant sources, will eventually yield a highly swollen, gelatinous
mass that is mostly water but highly viscous [86, 87]. The solid material within such
gelatinous mixtures is highly fibrillated cellulose, in which the individual strands
may have diameters in the range of 20–60 nm [88]. Rather than consisting of
individual fibrils, most published images of NFC (or microfibrillated cellulose, a
term often used when the material has not yet been reduced to nano-dimensions), the
material is usually described as a network, or “highly branched,” or a “weblike
structure” [88]. Although the term “cellulose nanofibrils” (CNF) is widely used in
the literature for the products of such preparations, that term does not appear to be
well suited to describing the highly branched and networked structures most often
described in the studies that were considered when preparing this chapter. Equip-
ment used for production of NFC includes not only conventional refiners, of the type
used by papermakers, but also “micro-grinders,” in which the pulp is passed multiple
times through the gap between a rotor and stator with abrasive mineral surfaces [89].
Alternatively, as shown in Fig. 4a, NFC can be produced by multiple passes through
a high-pressure homogenizer, where the suspended material is forced through a
narrow gap, within which the solids impinge on a hard surface [90]. In another
type of device, the microfluidizer, jets of cellulose suspension are made to impinge
upon each other, bringing about mutual fibrillation with less wear of the equipment
(Fig. 4b) [91]. In a patented approach, highly fibrillated cellulose also can be
prepared by co-grinding in the presence of a suspension of calcium carbonate
particles [92].

The production of NFC by mechanical action alone requires a high input of
energy [88]. For instance, 70,000 kWh may be required to prepare NFC by homog-
enization [44]. Such a high consumption of energy is not only environmentally
unfavorable, but it also tends to reduce the chance that NFC would be employed as a
component in future highly absorbent products. To reduce the required energy,
several approaches involving chemical treatments have been demonstrated. Selec-
tive oxidation with (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) has been
shown to be particularly effective in promoting fibrillation of cellulose with much
less energy. Such treatment was found to decrease the required mechanical energy to
product NFC by as much as a factor of 100 [93]. The much reduced energy of
processing of the oxidized pulp has been attributed to the ionic charges of the
–COO� groups (especially at pH values above about 4), which promote swelling,
fibrillation, and internal delamination. The water retention value of NFC, produced
by such treatment, can be in the range 1700% [94]. The oxidation reaction is
diagrammed in Fig. 5. As shown, the TEMPO-mediated oxidation selectively
forms carboxylic acid groups at the C6 position, while having only a minor effect
on the anhydroglucose rings of the macromolecule [93]. Similar effects have been
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achieved by treatments with periodate/chlorite oxidation [95, 96] and by
carboxymethylation [97].

Another promising approach consists of an optimized treatment with cellulase
enzyme [98]. Such treatments must be performed with careful attention to concen-
trations, temperatures, treatment times, etc., since the enzymes preferentially attack
noncrystalline and nanoscale fibrillar parts of the cellulose. Thus, excessive treat-
ment can be expected to break down and solubilize the class of material that one is
attempting to form. Pääkkö et al. [98] showed that the optimized use of cellulase, in
combination of mechanical energy, can make it possible to produce NFC with less
energy consumed.

2.3.4 Cellulose Nanocrystals (CNCs)
Digestion of cellulosic material in strong acid, under optimized conditions, gives rise
to cellulose nanocrystals, which also can be considered as a component in certain

Fig. 4 Two devices for production of nanofibrillated cellulose (a) high-pressure homogenizer;
(b) microfluidizer
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highly absorbent materials. The technology of producing CNC has been reviewed
[99, 100]. Briefly stated, the strong acid treatment preferentially hydrolyzes the
noncrystalline or defect areas in the material, leaving behind crystals having thick-
ness dimensions in the size range of about 4–70 nm [99, 101]. Though the acid
eventually would also hydrolyze the crystals, the rate of hydrolysis is sufficiently
slower so that it is possible to isolate suspensions of highly uniform crystals. Cheng
et al. [102] reported a water retention value of 3.4–3.5 g/g for a water suspension
of CNC.

The lengths of CNCs vary widely, depending on both the source material
employed and the conditions of preparation [99, 101]. It is possible to shorten the
crystals after their preparation by crushing them in the presence of liquid nitrogen
[103]. The longest CNC particles, up to several micrometers, have been reported for
tunicate cellulose, obtained from the protective spines of marine animals [99, 101].
Lengths of CNCs obtained from wood (after delignification) are typically in the
range 100–250 nm [99].

3 Absorbency Mechanisms

The uptake of aqueous solution by cellulose-based products is affected by the
chemical groups and structural factors discussed in the previous two sections. As
has been described in more detail elsewhere [5, 104–110], one can envision there
being competition between certain chemical factors tending to solubilize and swell
the material and various structural contributions that prevent complete dissolution
and may limit the amount of swelling in a specific case. The chemical factors will be
considered here first.

3.1 Hydrophilicity

As was mentioned in Sect. 2.2.1, the formation of a hydrogen bond between a water
molecule and an available –OH group on a cellulosic surface releases approximately
5 kcal/mole of energy. This implies that the wetting of dry cellulosic material is
favored by the ability to form such bonds with water. One of the greatest uncer-
tainties, when trying to estimate the relative importance of hydrogen bond formation
as a contributor to the uptake of water by cellulosic materials, is the fact that only a
fraction of the –OH groups on cellulose chains may be available to participate in
such interactions. In such materials as wood and cotton, roughly 70% of the cellulose
may be in crystalline form, and it has been shown that crystalline regions are
essentially impenetrable to water molecules [60]. On the other hand, typical plant-
derived cellulose is likely to contain hemicellulose (except in the case of certain
dissolving pulps and cotton), and the hemicellulose remains amorphous and much
more able to interact with water molecules. A search of the literature did not indicate
any work to estimate the density of water-to-cellulose hydrogen bonds formed upon
the immersion of common cellulosic materials. Thus, this would appear to be an
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excellent area to proposed future research. In particular, it is reasonable to expect that
measures to reduce the crystallinity of cellulose, e.g., by chemical derivatization or
ball milling [111], would be expected to increase the amount of water-to-cellulose
hydrogen bonds in a given mass of material.

The interaction of a water molecule with an ideal cellulosic surface, creating a
monolayer coverage, will be energetically favored by hydrogen bonding, but what
about subsequent layers of water? Studies of the energetics of water sorption, at a
molecular level, indicate that the adsorption of a first and possibly a second layer of
water can involve different amounts of energy, compared to the energy of water
association with itself in the bulk of solution [112]. However, such differences tend
to become unimportant after about five molecular layers of water [113]. This is a key
point if one’s goal is to achieve superabsorbency. Even if the cellulose-based
material has been transformed in a way to make every –OH group available for
interaction with water (essentially solubilizing the material), the hydrogen bonds
subsequently formed with one, two, or even three layers of water molecules sur-
rounding each cellulosic –OH group (including those from hemicellulose, if present)
might not be enough to achieve superabsorbent behavior.

3.2 Dissociation

Another large contribution to the energy of interaction between water molecules and
a cellulosic surface can come from ionized groups. As noted in Sect. 2.2.2, the
energy of solvation of an individual ionic group in water is about 4 kcal/mole.
Whether this is enough to make an important contribution depends not only on how
many such groups are present, but also on whether or not the groups are in their
charged form. As mentioned earlier, although native cellulose is essentially
uncharged, there can be up to about 1000–3000 μeq of carboxylic acid groups per
gram the hemicellulose component in typical papermaking pulps [114]. This amount
will depend on the type of hemicellulose and whether or not acetyl groups have been
hydrolyzed during processing to convert them to –COOH or –COO� groups [61].
Salam et al. [115] showed that increased absorbency can be achieved by incorpo-
rating additional carboxylate groups into hemicellulose.

Carboxylic acid groups can undergo dissociation reactions of the type shown in
Eq. 1. In its protonated form, though the carboxylic acid group is capable of
participating in hydrogen bond formation [116], it is uncharged. Reaction with one
mole of alkali converts the group to its charged, carboxylate form. In the discussion
that immediately follows, it will be tentatively assumed that sufficient base is present
that the groups are at least mostly in their charged form.

RCOOHþ NaOH ! RCOO� þ Naþ þ H2O (1)

In order for there to be a sufficient density of ionic groups to meet the require-
ments of superabsorbent materials, the carboxylic acid content has to be much higher
than what is found in natural cellulosic materials. Most research for the
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development of highly absorbent cellulose-based materials have been based on
carboxymethylation [3]. Superabsorbent materials with water uptake ratios in the
range 20–800 have been achieved with the use of carboxymethylcellulose (CMC)
[18, 19, 63, 64, 67, 68]. Even higher levels of water uptake have been achieved with
copolymers of CMC and acrylic acid or related monomers [25, 117–129]. In such
cases, the level of carboxymethylation is typically in the range of 0.64–2.2
substitutions per anhydroglucose unit. Water absorption capacities in the range
40–1400 g/g have been reported with SAPs based on ordinary CMC.

3.3 Osmotic Pressure

Bound ionic charges within a polymeric material, when it is placed in pure water,
create an imbalance of ionic charges vs. location. Because the bound charges
cannot move away from the polymer segments, the counterions to the bound
groups will be constrained to remain nearby, and there will be a higher concen-
tration of ions in the neighborhood of the polymer segments compared to the bulk
of solution. To rectify the imbalance, water molecules will spontaneously diffuse
into the charged polymeric material, swelling it, thus increasing the average
distance between adjacent charges. Since the range of electrostatic effects can
extend to several nanometers, especially in relatively pure water, such effects can
involve high ratios of water mass to solid mass, leading to high swelling ratios.
Related theories have been applied to hydrogels, including cellulose-based mate-
rials [104, 109, 130–134].

The contribution of charged groups to the swelling of a charged polymeric
material in water can be expressed in terms of an osmotic pressure, as given by
Eq. 2 [109].

π ¼ RT Φ
X
i

Ci � ϕ
X
i

Ci

" #
(2)

In the equation, Φ is the osmotic coefficient of the external solution, and ϕ is
the corresponding quantity for the gel phase. Likewise, Ci is the concentration of
the ith species in the gel phase, and Ci is the corresponding value in the bulk
phase. In principle, the material will continue to expand until there is a balance
between the osmotic pressure and a restraining pressure, which may be related to
the strength of the material or the manner in which it may be attached together.
For example, cross-linking of the macromolecular material may limit its ability to
stretch past a certain extent. Alternatively, one might model the solid material in
terms of mechanical springs, which represent the resistance to swelling. Scallan
and Tigerström [135] showed that such reasoning can be used to estimate the
elastic modulus of absorbent cellulosic material in its water-swollen state. Other
contributions to net swelling of a hydrogel are contributed by the entropy of
mixing and hydrogen-bonding effects [3].
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4 Factors Affecting Swelling Extent

The extent of swelling and absorption capacity of cellulose-based materials, includ-
ing cellulosic fibers and various kinds of hydrogels, depends on many factors, some
of which involve the nature of the absorbent materials, and others that depend mainly
on what is in the aqueous environment. It will be assumed here, for the sake of
discussion, that some form of cross-linking usually will provide the main resistance
to swelling. As pointed out by Scallan [104], similar reasoning can be applied to
other situations, such as when diffusion of a charged polymeric material is
constrained by a semipermeable membrane.

4.1 Cross-Link Density

As outlined in an earlier review [3], several different kinds of cross-linking agent
have been employed in published studies of cellulose-based hydrogel materials.
Typically, when considering cross-links, one is interested in compounds capable of
forming pairs of covalent bonds, thus connecting polymeric segments to each other.
In addition, it is important to also consider the role of nanocellulose, which has been
shown in some studies to produce effects that have similarities to those of cross-
linking agents.

4.1.1 Conventional Links
As illustrated in Fig. 6, with increasing density of cross-linking among the polymeric
chains of the material, there is less and less distance that the adjacent chains can
move away from each other, on average, before they reach their limit. Studies of
cellulose-based hydrogels generally have shown strong correlations between cross-
link density and absorption capacity [18, 19, 26, 64, 136, 137]. The highest absorp-
tion capacities reported tend to be observed at the lowest cross-link densities
considered [19]. One needs to be cautious, however, since the lower limit of practical
cross-link density may be governed by how much cross-linking is needed to avoid

a b

Fig. 6 Schematic illustration of the effects of cross-link density on the swelling ability of
hydrophilic polyelectrolyte chains (a) low density; (b) higher density or cross-linking
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mechanical failure or outright dissolution of the gel material [138]. At the limit of
low cross-linking density, the molecular mass of the charged polymer needs to be
high, thus ensuring that most of the chains are bound by at least one covalent link to
the rest of the material. A higher molecular mass has been shown to lead to higher
absorption capacity of cross-linked CMC hydrogels [26].

4.1.2 Cellulose-Based Links
Some studies have shown that inclusion of nanocellulose within hydrogel formula-
tions tends to reduce the uptake of water [2, 139–143]. In such cases, the role of the
cellulosic material appears to be similar, in some respects, to that of cross-linking
agents. Since no covalent bonding is suspected in most such cases, other explana-
tions must be considered. One such possibility is to regard the nanocellulose as a
reinforcement within a kind of composite, where superabsorbent polymer may play
the role of matrix. There are many examples in which the presence of fibrillar
nanocellulose tends to increase the modulus of elasticity of the continuous phase
in cellulosic nanocomposite systems [144]. It also has been proposed that the
presence of ordinary cellulose fibers within conventional disposable diapers and
related products will tend to limit the swelling due to the fibers’ resistance to tensile
expansion [134]. The high aspect ratios of a cellulose nanofibril, as long as it is
intimately associated with the swellable material, are assumed to be important
relative to the restraint of swelling.

4.2 Aqueous Conditions

Water can be regarded as a uniquely effective medium for absorbing into and
swelling up materials that are inherently hydrophilic and subject to the development
of bound ionic charges, i.e., the kinds of highly absorbent materials being considered
here. One reason why water is such a welcome guest within hydrogel materials is
that it has a high dielectric constant, e, thus making it an excellent solvent and
stabilizer for ionic materials. But changes in the ionic composition of aqueous
solutions can have very large effects on uptake by cellulose-based hydrogels and
other absorbent materials. Three key factors to be considered in this section are pH,
salt concentration, and the presence of multivalent cations.

4.2.1 pH
The proportion of charged carboxylic acid groups on cellulosic materials of various
kinds is known to be a strong function of pH. The same principles apply to kraft
fibers, CMC, and even to poly(acrylic acid). Kraft fibers, especially if they are rich in
carboxylic acid groups, exhibit increased swelling as the pH is raised from acidic to
neutral values [145, 146]. A similar trend, but with much higher levels of swelling,
has been reported for CMC and for copolymers of CMC and acrylic acid [30, 63,
125, 126, 129, 147, 148].

Effects of pH can be understood based on Eq. 1, which can be rearranged as
shown in Eq. 3 to define the acid dissociation constant Ka.

5 Review of the Mechanistic Roles of Nanocellulose, Cellulosic Fibers, and. . . 139



Ka ¼ A�½ � Hþ½ �
HA½ �

� �
(3)

The pKa value can be defined by taking the logarithms of the terms in Eq. 3,
where [A�] is the concentration of the conjugate base, [H+] is the concentration of
the hydronium ion, and [HA] is the concentration of the associated form of the
carboxylic acid.

pKa ¼ �log10 Kað Þ ¼ � log10
A�½ � Hþ½ �
HA½ � (4)

In general, there will be an equal number of charged and uncharged carboxyl
groups when the pH is equal to the pKa value, which is approximately 4.4 in the case
of CMC [149].

Based on Eq. 4, one might predict that the relative amount of dissociated –COO�

groups ought to increase from 1% to 99% within the pH range of one less than pKa to
one more than pKa. That would be true if all of the carboxyl groups were equal and
noninteracting. But the dissociation of one carboxyl group on a polyelectrolyte chain
changes the electrical field in that part of the molecule and tends to discourage the
subsequent dissociation of neighboring carboxyl groups [150]. The situation is
analogous to the dissociation of citric acid, a compound with three carboxylic acid
groups, along with three values of pKa corresponding to the first, second, and third
dissociation. The consequence, in the case of a relatively high-charge-density poly-
carboxylic acid compound such as CMC or polyacrylic acid, is that the charge-pH
curve will tend to be spread out over a wider pH range compared to what would be
expected for a simple monomeric compound such as acetic acid. On the other hand,
once the pH is as high as 7 or higher, most of the carboxyl groups will be in their
charged form.

Investigators sometimes claim that their hydrogels are “smart” due to their ability
to respond to pH [151]. For instance, hydrogels that contain carboxylic acid groups
tend to remain unswollen in the stomach, which is a highly acidic environment, but
they become highly swollen (perhaps releasing a medical agent) in the alkaline
environment of the intestine [152–155]. Such behavior is consistent with the disso-
ciation of carboxyl groups when the pH is raised.

4.2.2 Salts
The presence of simple salts such as NaCl tends to limit the range over which
electrostatic forces are able to act within aqueous media. The effect can be expressed
as Eq. 5, where zi is the valence of ions opposite to that of the charged body of
interest, ni is the concentration of that ion, e is the electron charge, e is the dielectric
constant of water, k is the Boltzmann constant, and T is the absolute
temperature [156].

κ�1 ¼ Σi zi
2ni

� �
4π e2= e kTð Þ� ��0:5

(5)
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The quantity κ�1 is proportional to the distance over which electrostatic forces
maintain a given level of influence. It follows from Eq. 5 that osmotic effects,
especially those that involve high ratios of water uptake to the mass of absorbent
materials, ought to be diminished by the presence of increasing concentrations of
salt. Indeed, there is ample evidence of the ability of salts to repress swelling,
including such evidence in the case of cellulose-based superabsorbent hydrogels
[128, 129, 157]. Many researchers are especially interested in comparing pure water
to physiological saline, which is intended to represent typical electrolyte concentra-
tions in human bodily fluids, e.g., the liquid within cells. In that case, various studies
have observed an approximately 50% reduction in the amount of water taken up by
CMC-based hydrogels with the addition of that amount of salts [3].

4.2.3 Complexation
A much greater repression of swelling can be expected if the aqueous solution
contains multivalent cations [25, 125, 131, 151, 159–161]. The term “complexation”
is often used when describing such interactions due to the fact that two or more
carboxylate functions within the absorbent material may approach one multivalent
positive ion simultaneously, thus forming a reversible bridge. Even in the case of
divalent ions, such as Ca2+, the effect can be strong enough to be able to prepare
strongly bonded “wet wipes,” which can be redispersed as fibers only when they
become highly diluted with water of much lower Ca2+ content when they are flushed
[162]. Even stronger deswelling effects have been reported when adding water-
soluble aluminum products [151, 158]. Coagulant mixtures based on aluminum are
known to contain ions such as Al3+ and [Al12(OH)24AlO4(H2O)12]

7+ [163, 164]. The
bottom line is that multivalent positive ion concentrations ought to be low when the
goal is to achieve high levels of water uptake.

4.3 Temperature

The temperature can have various effects on water uptake capacities, and in some
cases the effects can be dramatic. For instance, hydrogels prepared with poly-(N-
isopropylacrylamide) (iPAM) have been reported to abruptly lose 80–90% of their
capacity to absorb water when heated over a range of about 20 �C [165, 166]. Such
effects have been attributed to changes in the elastic properties of the hydrogels
[167]. In the case of typical CMC-based hydrogels, moderate increases in sorption
capacity with temperature have been observed [64].

5 Factors Affecting Rates of Uptake

In many applications of superabsorbent hydrogels, one needs to be concerned not
only with the amount of water taken up but also the rate of sorption. The topic of
absorption rates by highly absorbent materials has been considered by others [110,
129, 168]. Although ordinary SAP materials can have very high capacity to take up
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water, they sometimes can be very effective for blocking the flow of water. For
instance, if a disposable diaper gets flushed by mistake, it can easily swell up and
obstruct a drain pipe. Once a mass of SAP has become swollen with water, it has
been observed that flow from one side to the other, even when encouraged by
pressure, can essentially stop [106]. As implied by the word “gel,” the material
behaves as an elastic material, despite its high content of water. Flow through a
compressed, water-swollen mass of SAP can be very slow indeed, sometimes
making it difficult for the contained liquid to migrate to parts of the products
where dry SAP particles may still be present. So one of the big challenges faced
by producers of highly absorbent items has been to allow flow to take place readily
within a partly wetted mass of superabsorbent material. One solution to this problem
is to create some kind of channels within the material.

5.1 Diffusion

Before considering the possible roles of cellulosic materials with respect to flow
within a highly absorbent product, this section will consider factors affecting the
diffusion of water through a hydrogel. In particular, engineers need to optimize the
size and shapes of SAP phases so that water can diffuse all the way to the core within
a practical length of time, depending on the application.

The characteristic time required for diffusion to occur over a distance L can be
computed by the Stokes-Einstein version of the equation for diffusion [169].

τ ¼ L2 6πηa= kB Tð Þ (6)

In Eq. 6, τ is the characteristic time for diffusion to take place over a distance L, η
is the viscosity of the medium, a is the radius of the diffusing object (modeled as a
sphere), kB is the Boltzmann constant, and T is the absolute temperature. Related
calculations have been developed to deal with various geometries of interest, such as
diffusion into either spherical or cylindrical SAP bodies [109]. Models are set up on
the assumption that water needs to diffuse through a swollen layer in order to reach a
core of still-dry SAP. In general, such analyses have emphasized that SAP phases
ought to be relatively small and interspersed by zones in which bulk flow can take
place. Such predictions are consistent with the work of Tanaka and Fillmore [170],
who found that the time constant for swelling of poly(acrylic acid) gels was
proportional to the square of the final radius of the SAP.

5.2 Channels

5.2.1 Cellulose-Enabled Channels
A primary role of softwood kraft fibers (fluff pulp) in typical highly absorbent
products appears to be to provide wicking of liquids throughout the structure
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[106]. The ability of cellulose fibers to facilitate the wicking of water can be
appreciated if one looks with a microscope at highly wettable paper that has been
printed with aqueous ink-jet ink. Letters printed on such paper will appear ragged,
with “feathered” edges. It has been proposed that a related process occurs when fluff
pulp fibers are included in a mixture of SAP particles [106]. In other words, the
edges of the fibers are expected to provide relatively unobstructed passage of
aqueous fluids so that all of the available SAP, as needed, can participate in the
absorption. To enhance the effect, fibers can be designed with a lobe structure, which
is claimed to provide especially efficient channeling of water. In summary, whereas
before about 1960, cellulosic fibers served as the main absorbent material in diaper
materials [8], now, in disposable absorbent products, one of their main roles appears
to be to provide wicking.

5.2.2 Other Channels through Hydrogels
Progress also continues to be made with respect to the preparation of acrylic-based
SAPs, and researchers have shown that the wicking role of fibers can be replaced by
forming channels in a completely different way [171]. Instead of relying on fibers,
the SAP itself is formulated with gas addition in a way that preserves a network of
channels.

6 Strategies to Promote Absorbency

Increasing the accessibility and placement of functional groups onto cellulosic
materials are both primary strategies that have been used to increase the water-
sorptive capacity of cellulosic materials. Sometimes these two goals are connected.
For instance, high levels of chemical derivatization of cellulose can be instrumental
in bringing about solubilization of the macromolecular chain, thus exposing the
material to water in a more intimate manner.

6.1 TEMPO-Mediated Oxidation

The option of TEMPO-mediated oxidation merits special mention, relative to
water-sorptive properties, since it can be used in combination with mechanical
processing to achieve not only a reduction in the need for mechanical energy but
also a strong contribution to absorbency [172, 173]. For instance, Brodin et al.
[173] showed that TEMPO-mediated oxidation of kraft pulp, as a pretreatment
before freeze-drying, resulted in highly porous material having a sorption capac-
ity of 21–65 g/g. Especially in cases where the goal is to achieve high levels of
absorbency without reliance on complete solubilization of the cellulose, it has
been shown that high levels of water uptake can be obtained by TEMPO-
mediated oxidation of nanofibrillated cellulose, followed by freeze-drying [98,
174–176].
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6.2 Specialized Drying

Once cellulose has been processed to achieve high levels of fibrillation and water
retention ability, it often would make sense to be able to store and ship such material
in dry form. Unfortunately, such drying ordinarily will tend to irreversibly decrease
the water swellability of the material, when it is subsequently placed in water [84,
146, 177]. An irreversible reduction in the ability of the cellulosic material to take up
water again, after it has been dried, has been attributed to strong capillary forces,
causing the material to be drawn together to molecular distances; at that point a
highly regular pattern of hydrogen bonding can take place between the cellulosic
surface [178]. To some degree, such effects can be overcome if there is a sufficiently
high density of carboxylate groups, in their dissociated form [146]. For example,
Butchosa and Zhou [179] showed that treatment of NFC with CMC could help
preserve the ability of the nanocellulose to act as a thickener, even after it had been
dried. Other promising strategies include the addition of salt before drying [180],
though such a strategy can have disadvantages in various potential applications.

Promising results have been achieved in the preparation of highly absorbent
aerogels from nanocellulose [181, 182]. Some such compositions have exhibited
superabsorbent characteristics [183, 184]. One of the advantages of such materials is
that, in principle, one can achieve high absorbency with products that consist mainly
of air and cellulose, such that many potential uses can be considered, including food
and medical applications.

7 Conclusion

In view of the publications considered in this review chapter, much progress appears
to have been made in the development of highly absorbent materials based on
carboxymethylcellulose and other forms of cellulose. Ordinary cellulosic fluff pulp
fibers, as well as various kinds of nanocellulose, can be used to adjust the properties
of such absorbent materials. Factors affecting absorption capacities, as well as rates
of wicking, appear to be in line with what is known about the individual components,
as well as concepts of absorbency.

8 Future Scope

The subject of cost will be an important area of focus for future research related to
cellulose-based highly absorbent products. Because various aspects of cellulose-
based superabsorbents have been well demonstrated [3], the fact that such materials
have not yet gained an appreciable market share suggests that costs must be
unfavorable relative to acrylic-based SAPs. It may be useful in future studies also
to consider costs that presently are not fairly distributed in the economy. Such a study
could investigate how the relative costs would change if each producer of disposable
materials had to arrange for or to directly pay the costs of disposal. Such a study
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could estimate the impact on costs if bio-based, sustainable technologies were given
favorable economic treatment, for instance, through tax policies. Though many
readers of this chapter are likely to be more interested in questions concerning
chemistry, it will be important to collaborate with researchers attuned to issues of
economics, logistics, and ethical issues related to highly absorbent products.

There appears to be a critical need for fresh thinking and research concerning the
best way to dispose of used items containing superabsorbent materials. It has been
widely assumed, in published articles, that the cellulose-based products, being
inherently biodegradable, are therefore ecologically preferable to petroleum-based
SAPs and related absorbent products. But the use of disposable diapers, in particular,
places challenges on the already heavily burdened system for solids waste collection
and disposal. Studies have shown that even quite highly “biodegradable” materials
can take a long time to degrade under typical landfilling conditions [185, 186]. When
degradation does eventually occur, usually under anaerobic conditions, one has to
worry about the efficiency with which the released methane is collected [187]. The
ecological implications of such a system needs to be compared against state-of-the
art wastewater treatment systems [188], as well as options such as composting [32,
33, 39]. Awell-planned and regulated program of manufacture, collection after use,
and composting of highly absorbent products made with 100% compostable com-
ponents appears to be an attractive option that merits further research attention.
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