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Abstract Porous cellulose nanofibril (CNF) foam

was prepared by stabilizing bubbles with CNF and a

surfactant and then drying the stabilized wet foam in a

convection oven. The consistency of carboxymethy-

lated CNF (CMCNF) and the addition amount of the

surfactant were controlled and the effects of these

factors on the CNF wet foam and dry foam properties

were investigated. An adequate amount of the surfac-

tant (0.02–0.04 wt%) with CMCNF consistency

higher than 0.5 wt% yielded wet foams with excellent

stability. When the wet foam was dried at 60 �C in an

oven, dry CNF foam with over 97% porosity was

generated. The stable wet foams resulted in dry CNF

foam with a sphere-like pore structure and low levels

of shrinkage during drying. In contrast, unstable wet

foams generated dry foam with severe shrinkage and

large cavities. The pore size and the porosity of the

dried foam were determined by the shape of bubbles in

the wet foam and the degree of shrinkage during

drying, which, in turn, affected the mechanical

strength. In addition, the compressive strength of the

oven-dried foam was 83% higher than that of the

freeze-dried foam. Therefore, the preparation of a

stable wet porous CMCNF foam by controlling the

CMCNF consistency and the amount of surfactant was

essential for obtaining a porous CMCNF foam with a

uniform pore structure and good mechanical strength

by oven drying.
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Introduction

Porous materials, such as foams and aerogels, have

low densities and high porosities. Depending on the

structure and size distribution of the pores, foams and

aerogels can be applied to many fields including

packaging (Chen et al. 2020; Manzocco et al. 2021),

thermal insulation (Hasan et al. 2017; Illera et al.

2018), adsorbents (Hong et al. 2018; Singh et al. 2018;

Bolisetty et al. 2019), and energy storage (Liu and

Chen 2014; Huang et al. 2019). However, most of

these materials are manufactured from petroleum

chemicals or silica, which exhibit poor sustainability

and biodegradability or high brittleness (Demilecamps

et al. 2015; Feng et al. 2015; Gupta et al. 2018).

Therefore, the demand for environmentally friendly

porous materials has increased.

Cellulose, which is extracted mainly from plants, is

an abundant, renewable, and biodegradable polymer.

Cellulose nanofibril (CNF) is one of cellulose nano-

materials with a high aspect ratio and unique proper-

ties such as high mechanical strength and low density.

In addition, CNF can be either processed into various

forms (including hydrogels, sheets, and porous mate-

rials) or used as a reinforcing element for composites

(Dufresne 2013, 2017; Kim et al. 2015b; Abitbol et al.

2016).

When a CNF suspension is dried via freeze drying

or supercritical drying, water is eliminated from the

suspension and air can fill the spaces resulting from

this elimination (Heath and Thielemans 2010; Sehaqui

et al. 2010; Martoı̈a et al. 2016). Using these methods,

CNF can be processed into eco-friendly porous

materials. CNF-based porous material exhibiting per-

formance comparable to that of existing porous

materials can be used as a substitute for petroleum-

based foams or aerogels. Thematerial can then be used

in packaging (de Oliveira et al. 2019), adsorbent

(Zhang et al. 2016; Li et al. 2018), insulation (Gupta

et al. 2018), flame retardant (Ghanadpour et al. 2015;

Köklükaya et al. 2017), and energy storage (Du et al.

2017) applications. Several studies have reported the

production of CNF-based porous materials through

freeze drying or carbon dioxide supercritical drying

(Jin et al. 2004; Pääkkö et al. 2008; Kim et al. 2015a;

Darpentigny et al. 2020). However, these methods are

time-consuming and costly.

Recently, an alternative process based on Pickering

stabilization has been introduced for the production of

CNF-based foams. This stabilization refers to a

process where the interfaces between two phases are

stabilized with solid particles (Pickering 1907; Binks

2002). Many types of particles such as silica, clay,

starch, protein, or chitosan have been used for the

stabilization process, and the stabilization effect is

different depending on the morphology and charac-

teristics of the particles (Yang et al. 2017). In addition,

CNF with a high aspect ratio can be used to stabilize

the interfaces between two phases (Xhanari et al. 2011).
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The stabilization ability of CNF has usually been

applied to the preparation of oil-in-water (o/w)

emulsions and the stabilization of air–water interfaces

(Guevara et al. 2013). Bubbles usually undergo

coalescence, coarsening, and Ostwald ripening, and

are eventually destroyed. However, CNFs accumu-

lated on the air–water interfaces of bubbles can

prevent this destruction, thereby increasing the stabil-

ity and lifetime of the bubbles (Huang et al. 2018;

Tenhunen et al. 2018; Xiang et al. 2019).

Using the Pickering stabilization concept, Cervin

et al. (2013) prepared porous CNF foams with a

porosity of 98%. This was achieved through simple

oven drying of a CNF wet foam after stabilizing air–

water interfaces with CNF and the cationic surfactant,

octylamine. They also investigated the mechanism of

stabilizing effect of CNFs in wet foams and found that

a high aspect ratio of CNF, an increase in the

concentration of CNF, and an increase in the charge

density of CNF could increase the complex viscoelas-

tic modulus of the CNF-accumulated air–water inter-

faces (Cervin et al. 2015). In addition, high-stability

foams were prepared by reinforcing the foam walls by

calcium ion-induced aggregation (Gordeyeva et al.

2016) or crosslinking the CNF by introducing alde-

hyde (Cervin et al. 2016). An increase in humidity

during drying can reduce the drying speed and prevent

the shrinkage of the foam and the formation of cavities

(Cervin et al. 2016). Nevertheless, studies on the

production of CNF foams via Pickering stabilization

are rare compared with those on freeze-dried CNF

materials. The effect of various factors on the char-

acteristics of CNF foam remains unclear.

Wet foaming conditions such as the foaming

degree, bubble size, and foaming stability are essential

for preparing porous CNF foam with a uniform

structure and controlling the foam structure. The

structure can be affected by the CNF consistency and

surfactant amount. Therefore, the aim of this study

was to investigate the effects of CNF suspension

consistency and the surfactant amount on the charac-

teristics of Pickering-stabilized CNF wet and dry

foams. CNF wet foam with various foaming condi-

tions was prepared and the characteristics of the wet

foam were evaluated. In addition, the foams were

dried in an oven, and the drying behavior and porous

structure of each dried foam were investigated.

Furthermore, the relationship between the properties

of the wet foam and the dried foam was examined.

Through this study, we tried to suggest the optimal

conditions for the production of oven-dried CNF foam

and a way to control the characteristics of the CNF

foam.

Materials and methods

Materials

Cellulose nanofibrils were prepared from hardwood

bleached kraft pulp (HwBKP, Moorim P&P, Korea).

Chloroacetic acid (Sigma Aldrich, USA), sodium

hydroxide (Samchun Chemicals Co. Ltd., Korea), and

isopropanol (Samchun Chemicals Co. Ltd., Korea)

were used for carboxymethylation pretreatment of the

pulp fibers. Octylamine (OA, Sigma Aldrich, USA)

was used as a cationic surfactant to prepare wet foam.

Preparation of carboxymethylated CNF (CMCNF)

Prior to grinding, the pulp was carboxymethylated

using a method described in a previous study (Im et al.

2018) to obtain CNF with a more uniform fibril size.

Sodium hydroxide (NaOH; 4 mmol/g pulp) was

dissolved in isopropanol. The pulp was added to the

NaOH/isopropanol solution, and then reacted at 35 �C
for 30 min. Chloroacetic acid (1.5 mmol/g pulp) was

added to the suspension and then reacted at 65 �C for

1 h. After the reaction, the reacted pulp was washed

repeatedly with deionized water. The carboxyl group

content of the reacted pulp was determined using a

conductometric titration method in accordance with

SCAN-CM 65:02. Carboxymethylated cellulose

nanofibril (CMCNF) was prepared by grinding the

pretreated pulp suspension (1.0 wt%) 10 times using a

grinder (Supermasscolloider, Masuko Sangyo, Japan).

The carboxyl group content of the prepared CMCNF

(average width: 5.2 nm) was 870 lmol/g.

Foaming of CMCNF-stabilized wet foam

CMCNF suspensions with different levels of consis-

tency (0.25–1.0 wt%) were prepared. Octylamine was

added to 50 g CMCNF suspension by 0.01–0.06 wt%

based on the weight of the suspension. The suspension

was then vigorously stirred for 5 min with an overhead

stirrer. The original volume of the suspension (Vi) and

the volume of the wet foam immediately after the
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foaming (Vf) were measured. Using these two vol-

umes, the foamability, i.e., the ratio of volume

increase induced by foaming, was calculated as

follows:

Foamability %ð Þ ¼ Vf

Vi
� 100 ð1Þ

The average foamability of the wet foam was

calculated from the three measurement values.

Characterization of surfactant-added CMCNF

suspension

The zeta potentials of the CMCNF suspensions with

different octylamine contents were measured to eval-

uate the effect of the addition of a cationic surfactant on

the charge of the CMCNF. 0.1 wt% CMCNF suspen-

sions were prepared with the addition of 0–12 wt%

octylamine based on the CMCNF oven-dried weight.

The suspensions were gently mixed to avoid generating

bubbles. The measurements were conducted using a

Zetasizer nano (ZEN3600, Malvern Panalytical Ltd.,

UK) with a disposable folded capillary cell (DTS1070).

Characterization of CMCNF-stabilized wet foam

1 mL of each wet foam was transferred onto the glass

slide and observed for 6 h using an optical microscope

(Sometech, Korea). From images of the bubbles in

each foam, the average diameter of these bubbles was

obtained by measuring the diameter of more than 100

bubbles using the Image J program. To assess the long-

term stability of the foams, each was placed in a

20-mL vial after foaming, and the change in the

appearance of the foam was observed for 7 days.

The oscillatory rheological property of the wet

foam was measured using a Bohlin CVO Rheometer

(Malvern Panalytical Ltd., UK) with cone-plate

geometry (4� angle, 40 mm diameter) and 300 lm
gap size. The storage modulus and loss modulus of

each foam were measured for shear stress values

ranging from 0.1 to 1000 Pa under an amplitude sweep

mode at 1 Hz frequency. In addition, the yield stress

was determined as the stress value that intersects two

tangential lines of the viscoelastic region and flow

region of the storage modulus curve. The average

yield stress was obtained from three measurements.

Drying and characterization of dry foam

A portion (20 g) of each wet foam was poured into a

55-mm-diameter polytetrafluoroethylene (PTFE) dish.

Each foam was heated at 60 �C in an oven until they

were completely dried. The pore structure of the foams

was observed via field-emission scanning electron

microscopy (FE-SEM; SUPRA 55VP, Carl Zeiss,

Germany). Prior to observation, the dried foam was

cut into cubes using a razor blade, and the cross-

section of each specimen was coated with Pt (thick-

ness: 10 nm). Using the Image J software, the average

pore size and the average pore-wall thickness were

determined from the SEM images.

The apparent density, porosity, and shrinkage ratio

in the thickness direction of the foam during drying

were measured. The density of the foam was deter-

mined by weighing the 1 cm3-cubic foam. At least five

cubic foams were tested for determination of the

density of the dry foam. Furthermore, the porosity (;)
was determined using Eq. (2).

; %ð Þ ¼ 1� q
qc

� �
� 100 ð2Þ

where, q is the density of the dried foam and qc is the
density of the cellulose (1500 kg/m3). The shrinkage

ratio in the thickness direction of the foam was

calculated by measuring the thickness of the foam

before and after drying.

The dry foam was subjected to compression tests

conducted on a Universal Testing Machine (Instron

5943, Instron, USA). The foam was cut into 1 9 1 cm

cubic specimens and conditioned at 23 �C, 50% RH for

a day. A compression strain that was set to 90% of the

foam height and a compression speed of 10 mm/min

were employed. More than four specimens were tested

for each condition. The compressive strength of the

foam was determined as the stress value at 80% strain.

Moreover, the energy absorption of the foam was

determined by calculating the area below the strain–

stress curves (for strains ranging from 0 to 80%).
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Results and discussion

Characteristics of CNF wet foam

The effect of the CNF consistency and the amount of

octylamine on the wet foam generation was investi-

gated in terms of foamability, bubble morphology, and

rheology. The volume of the octylamine-added

CMCNF suspension increased due to the generation

of bubbles during vigorous stirring of the suspension. In

addition, the foamability of the wet foam, which

indicates the ratio of the volume before and after

foaming, was determined (Fig. 1). The increased

volume after foamingwas originated from the entrained

air by stirring. The foamability of the CNF suspension

with low consistency was relatively high. The foama-

bility of the 0.25wt%CNF suspensionwas[ 200% for

all surfactant amounts, indicating that the volume of the

suspension increased two-fold relative to the volume

before foaming and increased slightly with increasing

surfactant dosage. Because the viscosity of the CMCNF

suspension was low (96 cPs), bubbles were greatly

generated at low surfactant dosages by vigorous

stirring, but there may have been a limit to the

foamability. In the case of the 0.5 wt% suspension,

the foamability was less than 125% at 0.01 wt%

octylamine content, which was likely owing to the

increased viscosity of the CNF suspension (960 cPs)

compared with the 0.25 wt% CNF consistency. How-

ever, when the octylamine content increased, the

volume of the wet foam increased sharply with

increasing amounts of octylamine. This resulted from

the good interaction between the CNF and the surfac-

tant because the amount of CNF was enough to form

and stabilize the bubbles. In the case of the high

consistency ([ 0.75 wt%) CNF suspension, the foam-

ability was similar to that of 0.5 wt% CMCNF at 0.01

wt% surfactant content, but it increased slowly with the

increasing amount of surfactant and remained below

200%. This may have resulted from the fact that the

viscosity of the CMCNF suspension increased rapidly

with increasing consistency: the viscosities of the 0.75

and 1.0 wt% CMCNF suspension were 5400 and 15000

cPs, respectively. High viscosity corresponds to low

mobility of CNF, and this may have contributed to low

levels of foam generation at high consistency of the

CNF suspension.

The morphology of the bubbles comprising each wet

foamwas observed via optical microscopy (Fig. 2). The

bubble size decreased with the increasing CNF consis-

tency of the foam when the dosage of the octylamine

was less than 0.02 wt% owing to the decrease in the

Fig. 1 Foamability of carboxymethylated cellulose nanofibril

(CMCNF) wet foam depending on CMCNF consistency and

octylamine content (red line: CMCNF 0.25 wt%; orange line:

CMCNF 0.5 wt%; green line: CMCNF 0.75 wt%; black line:

CMCNF 1.0 wt%).

Fig. 2 Microscopic images and average diameters of bubbles in

CMCNF wet foam with different CMCNF consistencies and

octylamine (OA) contents
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mobility of the suspension. However, the difference in

bubble size was not significant at higher octylamine

content. In addition, the amount of octylamine also

affected the bubble diameter of the foam. Wet foam

with 0.01 wt% octylamine was only partly composed of

bubbles, so the volume of liquid between the bubbles

was large, demonstrating that the amount of surfactant

was not enough for sufficient foam generation. This

insufficient foam generation seemed to contribute to the

low number of bubbles, with a wider distribution of

bubble sizes at 0.5–1.0 wt% CMCNF consistencies.

When the amount of octylamine increased from

0.01 wt% to 0.02 wt%, the wet foam was completely

filled with bubbles, and the size of the bubbles

decreased and the uniformity of the bubbles increased

owing to the increase in the number of bubbles by a

proper interaction between nanofibrils and surfactant.

For an octylamine content of[ 0.02 wt%, the average

size of the bubbles increased and the size distribution

of the bubbles widened owing to the generation of

bubbles with instability.

The stability of bubbles with different octylamine

dosages was evaluated by measuring the time-depen-

dent changes in the average bubble diameter. The

average size of the bubbles increased over time, and

the size distribution of the bubbles broadened (Fig. 3

and Fig. S1), and correspondingly, the standard

deviation of the bubble size increased. This resulted

probably from the aging of bubbles through coarsen-

ing, coalescence, and Ostwald ripening (Cervin et al.

2013; Fameau and Salonen 2014; Denkov et al. 2020).

In fact, the size of the bubbles in the wet foam with

higher octylamine concentrations increased more

rapidly than that of the bubbles in the foam with

lower concentrations; this indicated that a larger

amount of the surfactant resulted in faster aging of

the bubbles. For example, 0.06 wt% of octylamine in

0.5 wt% CMCNF seemed to be an excessive amount

from the viewpoint of wet foam stability since the

bubbles grew more rapidly than under other condi-

tions. Previous studies (Cervin et al. 2013, 2015) have

reported that an excessive amount of cationic surfac-

tant (more than one-third the surface charge of CNF)

deteriorates wet foam stability. The zeta potentials of

the CMCNF suspensions with different levels of added

octylamine decreased with increasing octylamine (see

Fig. S2). This was owing to electrostatic interaction

between the anionic CMCNF and the cationic octy-

lamine. When 4 wt% octylamine based on the

CMCNF weight was added, the surface charge of the

CMCNF decreased by one-third, which represented an

optimal amount of cationic surfactant according to

previous work (Cervin et al. 2013). A dosage of 4%

octylamine corresponds to a 0.02 wt% dosage in 0.5

wt% CMCNF. At this level of addition, the stability of

the wet foam was improved. Further addition of the

surfactant led to a decrease in the repulsive force

between the CNFs, thereby resulting in an aggregation

of the fibrils due to interaction between positively

charged octylamine and negatively charged CMCNF.

Thus, bubbles with excess dosage of the surfactant (1)

underwent coarsening, coalescence, or Ostwald ripen-

ing more frequently (than those with lower dosages),

and (2) this led to a rapid decrease in the stability and

increase in the size of the bubbles.

The surfactant-dependent aging behavior of the wet

foam could be also explained in terms of the number of

fibrils surrounding each bubble as shown in Fig. 4.

Low dosage (0.01 wt% based on the suspension

weight) of the surfactant yielded insufficient levels of

foaming, and liquid phases, which remained bubble-

free, were observed (Fig. 4a). The optimal dosage of

the surfactant (0.02–0.04 wt%) generated sufficient

and uniform bubbles (Fig. 4b). Compared with the

optimal dosage, an excess dosage ([ 0.04 wt%)

generated a larger number of bubbles in the wet foam,

leading to a decrease in the number of CNFs

surrounding each bubble at a given CNF consistency.

Thus, the bubbles in the foam with an excess amount

of surfactant were expected to be less stable (due to

Fig. 3 Time-dependent changes in the average bubble diameter

of the wet foam with 0.5 wt% CMCNF suspension with 0.02

wt% (orange line), 0.04 wt% (green line), and 0.06 wt% (blue

line) OA content
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their thinner or insufficient amount of CNF layer) than

those in the foam with an optimal amount of surfac-

tant. In addition, the charge screening effect of the

cationic surfactant also contributed to a decrease in the

stability of the bubbles. The consequent coalescence

or Ostwald ripening of these unstable bubbles led to

larger and less uniform bubble sizes (Fig. 4c) than

those of the stable bubbles. These findings indicated

that an adequate amount of the surfactant is crucial for

the preparation of CNF wet foam with stable bubbles.

The structural stability of the wet foams was

observed over a day (Fig. 5). The structure of foams

prepared using 0.5–1.0 wt% suspension was main-

tained for a week without any drainage of water or

destruction of structural features owing to high enough

viscosity. However, water drainage occurred within a

day for the foam prepared from 0.25 wt% suspension.

Previous studies have reported that, compared with

lower consistency (lower viscosity), higher CNF

consistency (higher viscosity) resulted in thicker

lamellar features around the bubbles and strong

entanglements in the foam (Cervin et al. 2015; Huang

et al. 2018). This prevented the coalescence and

Ostwald ripening of the bubbles and the drainage of

water below the wet foam layer, leading eventually to

improved stability of the foam. Based on the results of

this study, the expectation was that CMCNF with over

0.5 wt% consistency or high enough viscosity over

900 cPs was adequate for producing a stable CNF wet

foam.

The storage modulus (G�), loss modulus (G}), and

yield stress of the wet foam were evaluated and their

contributions to the network strength were compared

(Fig. 6). For all conditions, the storage modulus was

higher than the loss modulus at the low stress level,

indicating that the wet foam exhibited elastic behav-

ior. G0 was maintained until a certain level of stress

was reached and decreased thereafter, and the curves

of G0 and G00 intersect near the yield point of the foam.

After the crossing point, G00 was higher than G0,
indicating that the foam behaved like a liquid due to

the destruction of bubbles. The yield stress was

determined from the intersection point between two

tangential lines of the storage modulus. An octylamine

content of 0.01 wt%, which was insufficient for foam

generation, led to a low storage modulus. However,

the storage modulus and the yield stress of the foam

increased as the amount of octylamine increased to the

optimal level. This suggested that, compared with the

wet foam with an inadequate amount of surfactant, the

foam with an adequate amount was more

stable against the stress. However, increasing the

octylamine content further led to reductions in the

modulus and stress, owing possibly to a decrease in the

stability of bubbles. The rheology of the wet foam was

also affected by the CMCNF consistency, i.e., the

yield stress increased with increasing consistency,

owing to the viscosity of the CMCNF suspension.

Consequently, the stability of the wet foam could be

estimated by evaluating the rheological property of the

foam.

Characteristics of dried CNF foam

Wet foams were placed in a PTFE dish, and then dried

at 60 �C in a convection oven at a fixed humidity.

Under this condition, the structure of stable wet foams

was maintained during the drying process, whereas the

structure of unstable wet foams was destroyed or large

cavities were generated (Figs. 7, 8). When the

consistency of the CMCNF suspension was

0.25 wt%, all the bubbles were destroyed during

Fig. 4 Schematic showing the surfactant-dependent bubble

aging of the CMCNFwet foam, a low dosage, b optimal dosage,

and c excess dosage. The size differences among the surfactant,

CNF, and bubbles were neglected in this figure
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drying and the foam collapsed due to the poor stability

of the wet foam. The structure of foams prepared from

0.5 to 1.0 wt% consistency suspension was dependent

on the CMCNF consistency and the amount of

octylamine. Generally, the thickness of the foam

decreased with increasing CMCNF consistency

(Fig. 8), because the foamability of the wet foam

decreased with increasing CNF consistency. The

amount of the surfactant also influenced the drying

behavior of the foam. We consider the addition of an

adequate amount of octylamine (0.02 wt% for 0.5 wt%

and 0.75 wt% CMCNF suspension and 0.04 wt% for

1.0 wt% CMCNF suspension): with this addition, the

foam structure could be maintained without large

cavities or severe destruction because the stability of

the structure was sufficient to endure the drying stress.

Insufficient levels of octylamine addition led to

incomplete bubble generation in the suspension, and

significant foam shrinkage in the thickness direction,

which yielded foam with a small thickness. Octy-

lamine additions greater than the optimal level led to

large cavities in the structure or shape deformation of

the foam, owing to the large and unstable bubbles in

the corresponding wet foam. These unstable bubbles

merged with other adjacent bubbles and were

destroyed during drying, leading to the formation of

cavities or collapse of the structure. Consequently, the

stability of wet foam generated at adequate CNF

consistency and octylamine levels was essential for

producing oven-dried CNF foam.

The structural properties including the z-directional

shrinkage ratio, density, porosity, and average diam-

eter of the pores are presented in Table 1. Most of the

dry foams obtained via the oven drying of CMCNF

wet foam exhibited[ 97% porosity. The density and

porosity of the foam were strongly affected by the

foamability of the wet foam (Fig. S3). That is, the

density of the dry foam decreased and the porosity of

the foam increased with increasing foamability of the

wet foam. Compared with low CNF consistency,

higher consistency yielded foam with higher density

and lower porosity, owing to the lower foamability,

smaller pore size, and thicker pore wall. Regarding the

amount of octylamine, the porosity of the foam with

0.01 wt% of surfactant was relatively low. This

resulted from the fact that insufficient numbers of

Fig. 5 Stability of CMCNF wet foam immediately after foaming and after 1 day
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bubbles were generated when the amount of surfactant

was low (foamability was low), thereby leading to

significant shrinkage in the thickness direction during

drying (Fig. S4). The porosity of the foam increased

with increasing amounts of octylamine. The results

suggested that (compared with those observed at lower

surfactant amounts) the higher foamability and larger

bubble size at higher surfactant levels led to an

increase in the porosity of the dry foam. In other

words, the foamability and the bubble size of the wet

foam had a significant effect on the density and

porosity of the CNF foam. This indicated that the

properties of the dry foam are determined by the

consistency of CMCNF and the amount of the

surfactant.

The pores of the dried foam were observed from

SEM images (Fig. 9). The dry foam was composed of

a sphere-like, closed cell structure consistent with the

findings of Cervin et al. (2013). However, this

structure differed from that of the freeze-dried CNF

foam that consisted of directional, small, and open

pores (Fig. S5). The average pore diameter (except for

large cavities) ranged from 220 to 380 lm depending

on the foam preparation condition. The pore diameter

became larger than that of the bubbles in the wet foam

because the bubbles underwent aging during drying.

The average pore size of the foam seemed to be

related to the foamability of the wet foam as shown in

Fig. S6, which was determined by the consistency of

the CMCNF and octylamine dosage. When the

CMCNF suspension consistency was low, the average

pore diameter tended to be larger than the diameters

occurring at high consistency levels. In addition, when

the amount of octylamine was insufficient and the

foamability of the wet foam was relatively low, the

pores became small due to severe shrinkage in the

thickness direction during drying. In contrast, the

optimal amount of the surfactant improved the foam-

ability of the wet foam, restrained the thickness-

directional shrinkage, and preserved the pore structure

without severe deformation. Hence, these foams were

characterized by a relatively bulky and porous struc-

ture. Further increase in the concentration of octy-

lamine led to a wide distribution of the pore size due to

the presence of cavities or deformation of their

structure. Therefore, the porous structure of the

oven-dried CNF foam could be controlled by adjusting

the preparation conditions of the CNF wet foam, and

the foamability of the wet foam which was affected by

the suspension consistency and the amount of surfac-

tant played an important role in the process.

The foams prepared in different CMCNF consis-

tencies were subjected to compressive tests and the

mechanical properties of each foam were compared

with those of the freeze-dried foam (Fig. 10 and

Table 2). The compressive stress of the foams

increased gradually until a compression strain of

70% was reached and increased rapidly thereafter,

owing to the significant densification of the foams

(Gordeyeva et al. 2016). In addition, the stress in the

curves obtained for the oven-dried foams slightly

decreased at some points, resulting possibly from the

Fig. 6 a Storage modulus (G0, filled circle) and loss modulus

(G00, open circle) of CMCNF (0.5 wt%) wet foam and b yield

stress of each CMCNFwet foam (orange line: CMCNF 0.5 wt%;

blue line: CMCNF 0.75 wt%; black line: CMCNF 1.0 wt%)
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Fig. 7 Dried CMCNF foams prepared at different CNF consistencies and octylamine contents after 60 �C oven drying

Fig. 8 Cross-sectional images of the dried CMCNF foam with different CMCNF consistencies and octylamine contents. The cross-

section of each foam was dyed with blue ink for clear observation
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Table 1 Properties of dried CMCNF foams under different conditions

CNF consistency

(wt%)

Octylamine content

(wt%)

Densitya (kg/

m3)

Porositya

(%)

Thickness-direction

shrinkage (%)

Pore diameter (lm)

Average Standard

deviation

0.5 0.01 43 97.1 84.6 246.5 118.5

0.02 9 99.4 52.2 372.4 129.5

0.04 –b –b –b 339.0 119.3

0.75 0.01 44 97.1 79.6 223.6 79.4

0.02 18 98.8 63.6 298.1 91.7

0.04 16 98.9 63.5 353.6 150.8

1.0 0.01 109 92.7 86.5 247.1 108.0

0.02 72 95.2 81.1 236.2 63.2

0.04 20 98.7 59.4 330.2 119.3

aDensity and porosity were measured with the cube cut foam
bDeformed structure and large cavities in the foams prevented the determination of these values

Fig. 9 SEM images showing cross-sections of dried CMCNF foams under different CMCNF consistencies and octylamine contents
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crushing of closed pores in the foam during compres-

sion. The general mechanical properties of the foams

are shown in Table 2. The highest compressive

strength, Young’s modulus, and energy absorption

were obtained for the oven-dried foam with 0.75 wt%

CMCNF consistency that had relatively high density

(18 kg/m3) and small pore size (298.1 lm). The

density of the 1.0 wt% CMCNF foam with 0.04 wt%

octylamine was similar to that of the 0.75 wt%

CMCNF foam, but the compressive strength was

slightly lower owing to the relatively large pore

diameters resulting from higher OA dosage. In addi-

tion, the compressive strength of the oven-dried CNF

foam (0.75 wt%) was 83% higher than that of the

freeze-dried foam with the same CMCNF consistency,

indicating a greater compression resistance of the

oven-dried foam.

Conclusions

In this study, the effect of CNF suspension consis-

tency and the octylamine content on the properties

of CNF wet and oven-dried foams was investigated.

The results revealed that these two factors had a

significant effect on the foamability and the shape of

bubbles. An adequate amount of octylamine, which

was 0.02–0.04 wt% based CNF suspension weight

in this study, could generate sufficient and uniform

bubbles, maintain sufficient repulsion between fib-

rils, and led to the production of wet foams with

uniform bubbles. The structure of foams obtained

from CMCNF suspensions with consistency higher

than 0.5 wt% was maintained for several days,

whereas the bubbles of CMCNF with 0.25 wt%

consistency underwent aging. In addition, an optimal

amount of octylamine resulted in a high storage

modulus, indicating that the stability of the wet

foam was determined by both the CMCNF consis-

tency and the surfactant content. When the wet

foams were dried in a 60 �C oven, the porous

structure of wet foams with sufficiently high

CMCNF consistency and an adequate amount of

octylamine was maintained during drying. A CNF

foam with a porosity of over 97% was obtained. The

compressive strength of this foam was 83% higher

than that of the freeze-dried foam. An oven-dried

CNF foam with a uniform structure was obtained.

However, the preparation of a stable CNF wet foam

with sufficiently high CNF consistency and an

adequate amount of surfactant was essential for

producing this foam. Furthermore, the properties of

the wet foam seemed to have a significant effect on

the properties of the dried CNF foam. This

suggested that control of the dry-foam properties

Fig. 10 Stress–strain curves of oven-dried foams and freeze-

dried (FD) foam obtained during compression test (orange line:

CMCNF 0.5 wt% ? OA 0.02 wt%; blue line: CMCNF 0.75

wt% ? OA 0.02 wt%; black line: CMCNF 1.0 wt% ? OA 0.04

wt%; green dashed line: freeze dried CMCNF 0.75% foam)

Table 2 Mechanical properties of oven-dried and freeze-dried CMCNF foams

Drying

method

CMCNF consistency

(wt%)

Octylamine content

(wt%)

Compressive

strength at 80%

strain (kPa)

Young’s modulus

(kPa)

Energy absorption (kJ/

m3)

Oven drying 0.5 0.02 43.3 (4.2) 39.8 (5.0) 14.2 (1.2)

0.75 0.02 115.0 (11.5) 80.6 (22.9) 37.3 (3.2)

1.0 0.04 103.8 (14.1) 60.9 (5.9) 32.2 (1.4)

Freeze

drying

0.75 – 62.8 (2.0) 29.9 (10.8) 13.9 (3.5)
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can be achieved by adjusting the foaming conditions

of the CNF wet foam.
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