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Abstract: Well-dispersed fiber suspension is the precondition of good
paper formation. Compared with cellulosic fibers, synthetic fibers are
prone to ﬂocculate because of their long length and hydrophobic nature,
resulting in poor paper formation. To solve this problem, dispersants
and extremely low forming consistency are typically adopted during
the traditional wet-forming process, which cause a large amount of
water consumption and treatment cost. Therefore, increasing forming
consistency without compromising paper formation remains a challenge
for papermakers. In this work, foam forming was adopted to disperse
polyimide ﬁbers (PI) with high forming consistency. The results showed
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that the formation index of handsheets increased when the bubble size
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and distribution became small and narrow. Compared with traditional
wet-forming process with the same consistency (0.4%), the formation
index of handsheets by foam forming increased by approximately 100%
when C8 alkyl glucoside (APG08) concentration reached 16 g/L. Notably,
forming consistency could increase by eight times while keeping the same
level of paper formation. Overall, foam forming exhibits great advantages
in dispersing long ﬁber and reducing water consumption and environmental
pressure, and has potential applications in specialty paper made of long ﬁbers.
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size; formation
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Introduction

In the papermaking industry, well-dispersed fiber suspension is necessary for high-

performance ﬁber paper based
materials;
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quality paper products. For some specialty papers,

agent to investigate its foaming properties and paper

especially those made of synthetic ﬁbers or long ﬁbers,

properties[16]. Although plenty of work has been done

the high-level formation is difﬁcult to achieve because

on the foam-forming process of cellulosic ﬁbers, foam

the ﬁbers easily ﬂocculate owing to their hydrophobic

forming of synthetic ﬁbers is rarely reported.

[1]

nature and length . Generally, the use of dispersants

In order to improve forming consistency and

and decreasing forming consistency are the common

paper formation of synthetic fibers, a foam forming

methods to achieve this goal. As a result, an extremely

method was developed to prepare polyimide (PI) ﬁber-

low forming consistency has been adopted to produce

based paper. C8 alkyl glucoside (APG08) was used

synthetic fiber-based paper

[2-3]

. This is usually in the

as the environment-friendly dispersant and foaming

range of 0.005%~0.05%, which is far below than that

agent. Furthermore, the effects of different forming

[1]

of ordinary paper , resulting a huge amount of water

consistency and surfactant concentrations on the foam

consumption and treatment cost. Thus, increasing

properties and paper properties were investigated.

forming consistency while improving paper formation

2

is a continuing goal of the papermaking industry.
Recently, foam forming has attracted wide attention in
the papermaking industry because of its high forming
consistency and low water consumption. The concept
of foam forming was ﬁrst proposed in 1972 by Radvan
and Gatward [4]. They pointed out that bubbles were
generated by agitation after adding surfactant to stock.
In the presence of bubbles, fibers were locked in the
bubble interface, thus reducing the chances of collisions
among ﬁbers. As a result, the ﬁbers were well dispersed
at high concentration. With the assistance of vacuum
suction, the bubbles were destroyed, and the ﬁbers were

2.1

Experimental
Materials

The PI fiber (6 mm in length) was used in this study,
and para-aramid ﬁber with a length of 0.588 mm served
as a strengthening component. The nonionic surfactant
APG08 (solid content of 75%) was purchased from
Shandong Usolf Chemical Technology Co., Ltd.
(Shandong, China) while polyethylene oxide (PEO)
was purchased from Aladdin Industrial Corporation
(Shanghai, China). All the additives were used without
further puriﬁcation.

interweaved, forming the wet web. In foam forming

2.2

systems, the surfactant was the key factor that stabilizes

PI ﬁbers needed to be cleaned before use because some

the gas-liquid interface owing to its amphiphilic
structure. Technical Research Centre of Finland (VTT)
has carried out a series of studies in this area[5-12], such
as the effect of different surfactants on foam properties,
effect of foam properties on paper properties, and so
on. Xiang et al investigated the influence of different
surfactants and ﬁbers on paper properties. It was found
that the type of surfactant had little influence on the
final paper, and the difference between wet-laying
and foam-laying papers was that the wet-laying paper
structure often had a layered network while the foam-

Pretreatment of PI ﬁbers

oil was left on their surface in the fabrication process.
Firstly, sodium dodecyl sulfate with a concentration
of 1.2×103 mol/L was dissolved in hot water (60℃),
and then PI ﬁbers were added and agitated for 30 min
at 1300 r/min. Finally, the ﬁbers were washed with tap
water and dried in an oven at 105℃.
Para-aramid ﬁbers were reﬁned to a beating degree
of 54°
SR with PFI reﬁner, and further disintegrated for
20000 r at a consistency of 0.5% before use.
2.3

Preparation of foam-formed paper

laying paper structure tended to be a felted network[13].

The preparation of foam-formed PI fiber based paper

Hou et al used polyvinyl alcohol to generate foams,

was almost the same as in the traditional papermaking

[14-15]

.

process, except for the fabrication of foams in PI ﬁber

Li et al used carboxymethylated lignin as a foaming

suspension, as shown in Fig.1. The treated PI fibers

studying the foam properties and paper properties
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and para-aramid fibers were added to a vessel with a

data was calculated to represent the dielectric strength

weight ratio of 9:1. Meanwhile, different dosages of

of different papers.

APG08 and water were placed in the vessel to reach
the ﬁnal concentration of APG08. Then, the suspension
was stirred with an agitator (IKA RW 20 digital).
The rotation speed was fixed at 2000 r/min, and the
agitating time was set at 25 min to make sure that
the foam volume achieved a stable status. During the
foam generation period, the foamability, foam stability,
and bubble sizes were measured. Then the system
was re-agitated for 2 min after recording the drainage
volume[16] in order to recover the initial state of the
foam and eliminate the effects of bubble coalescence.
Paper sheets were made using a conventional handsheet

Fig.2

former (ZQJ1-B, F200 mm, made by Shaanxi
University of Science and Technology, Xi’an, China)
equipped with a vacuum suction system. Meanwhile,
wet-laying handsheets were prepared using PEO as

3

The microscope image of foam used to calculate the
bubbles size and its distribution

Results and discussion

dispersing agent at the same forming concentration to

3.1

serve as the control sample.

Foam property is a vital factor in the preparation of

Foam properties

foam-formed paper. Thus, the basic foam properties,
i.e., foamability, foam stability, and bubble size, were
Agitate

Vacuum

investigated first. Foamability refers to the foaming

Dry

speed and ﬁnal air content; hence, the foaming volume
was recorded every minute to determine the forming

PI fiber

Fig.1

2.4

Para-aramid fiber

Air bubble

APG08

Diagram of preparation of PI ﬁber-based paper by foamformed method

properties of the PI fiber-surfactant system. In this
work, APG08 was selected as foaming agent because of
its environment-friendly and biodegradable attributes.
APG08 can produce fine foams, which is essential in

Characterization

the process of foam forming. Three concentrations of

The foaming volume was recorded every minute to

APG08: 10, 16, and 22 g/L, were chosen to investigate

determine the foamability of the PI fiber-surfactant

effect of surfactant concentration on foaming properties.

system. The volume of the final system was recorded

In Fig.3, the foaming volume ascended gradually to

immediately after agitation, which was used to

reach a plateau with increase in agitating time for

calculate the air content of the system

[17]

. Optical

all the three concentrations. The increase in APG08

microscope images were recorded by DMB5-223IPL-5,

concentration led to the increase in foaming volume,

and then the bubble size and bubble size distribution

which can be attributed to the creation of the air-liquid

were measured and collected, as shown in Fig.2.

interface. During vigorous agitation of water, air was

The decrease in drainage volume over time was also

injected and foams were generated. If there was no

recorded to evaluate the stability of the system, as

surfactant in the system to stabilize them, the bubbles

[11]

reported by Lappalainen et al . Dielectric voltages of

would be destroyed owing to the high surface tension.

12 points were measured for every sample. The average

In contrast, the bubbles would remain stable if the
Vol.4, No.3, 2019
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system had enough surfactant. The greater the amount
of surfactant, the more air-liquid interfaces would be

100 mm. When the air content was below 55%, the
superiority of foam forming in fiber dispersion would

created. That was why higher APG08 concentration

disappear. In Fig.4 and Fig.6, the foam distribution were

can lead to improved foamability and smaller bubble

very similar between 16 g/L and 22 g/L APG08. Their

size, as shown in Fig.4. Bubble size was closely related

air contents both reached approximately 65%, which

to its distribution. Bubble size distribution tended to

was consistent with the previously reported work[5].

become narrower and concentrated to smaller size when
APG08 concentration increased. It was also observed
that a higher APG08 concentration increased foaming
Frequency

speed. Foam stability was calculated when the drainage
volume increased to half of the initial liquid volume.
In Fig.5, the higher the concentration of APG08, the
longer it took to reach half of the initial liquid volume.
This indicated that the foam system became more stable
when the concentration of APG08 increased. This was
because it would take longer for water to drain to the
bottom when the bubbles were smaller and air content
was higher. Slower drainage, in turn, suppressed bubble
evolution, resulting in a stable foam system. Fig.5 also

800
Time/s

the system[18], making it more difficult for liquid to
drain. Therefore, high concentration of APG08 allowed

16
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for rapid foaming, stable foam system, and smaller
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bubble size, which were necessary for scale-up paper

0

production papermaking in industry.
Fig.5
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bubble ﬁlm became thinner as the liquid draining from
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As shown in Fig.7, the formation property of handsheets
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was closely related to APG08 concentration and forming
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the drainage volume increased. This was because the
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Fig.4 Bubble size and bubble size distribution with different
concentrations of APG08 (The insert ﬁgure: average bubble size
with different APG08 concentrations)

showed that drainage speed of the foam decreased as
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consistency. The increase in forming consistency could
25

decrease the formation index of handsheets because
the frequency of contact and twining among fibers

*The corresponding air contents for 10 g/L, 16 g/L and 22 g/L
APG-08 concentrations are 37.5%, 62.1% and 68.4%, respectively.

increased with forming consistency. When bubbles

Fig.3

among bubbles, thus reducing opportunities of fiber

Effect of APG08 concentrations on the foamability

were introduced to the system, the ﬁbers became stuck

Fig.4 showed the size and distribution of the foam

contact and twining. Therefore, foam forming can

bubbles. As depicted, paper formation can be improved

improve the handsheets formation effectively. It was

when the average bubble size of foams was less than

also worth noting that the formation index of foam-
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(a)

(b)

Formation index of handsheets

Fig.6

Optical microscopy images of foam prepared by different concentrations of APG08: (a) 10 g/L, (b) 16 g/L, (c) 22 g/L
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Fig.9 Dielectric strength of PI ﬁber-based handsheet with
different forming methods and APG08 concentrations

laying handsheets was lower than that of wet-laying

can increased by at least eight times compared with

handsheets when 10 g/L APG08 was applied. This can

that of wet-laying handsheets. It was also found that the

be attributed to the large bubble size and low air content

formation index of handsheets at APG08 concentrations

at the APG-08 concentration of 10 g/L, as shown

of 16 g/L and 22 g/L became more and more similar

in Fig.4 and Fig.8. Bubbles with smaller size could

with increasing forming consistency.

prevent ﬁbers from ﬂocculating with each other, while

Fig.9 showed the dielectric strength of the

bubbles with large size tended to push ﬁbers together.

handsheets made of PI fibers with para-aramid fibers

When the concentration of APG08 reached 16 g/L, the

as the strengthening component by different forming

formation index of handsheets is almost two times as

methods. As can be seen from Fig.9, the dielectric

that of wet-laying handsheets at forming consistency of

strength of the foam-formed handsheets with different

0.4%. When the formation index of handsheets reached

dosages was similar to that of wet-laying handsheets,

27, the forming consistency of foam-laying handsheets

which illustrated that foam forming had no negative
effect on the dielectric properties of

(a)

(b)

paper.

4

Conclusions

In this paper, the advantages of foam
forming in preparing PI ﬁber-based
paper with high forming consistency
were demonstrated. It was found
that increasing the concentration of
Fig.8

Microscopic images of foams produced by APG08 at (a) 22 g/L and (b) 10 g/L

APG08 leads to higher stability of
Vol.4, No.3, 2019
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foams and smaller bubble size, which further improved
the formation index of handsheets. Compared with wet-

[7]

laying handsheets, foam-formed handsheets exhibited
better formation when the average bubble size was less
than 100 mm. Correspondingly, the formation index of
handsheets at forming consistency of 0.4% increased

[8]

by approximately 100% compared with that of wetlaying handsheets. In addition, forming consistency by
foam forming can increase from 0.05% to 0.4% for a

[9]

given formation index. The dielectric strength of foamforming handsheets was maintained at almost the same
level as wet-foamed handsheets. These ﬁndings showed

[10]

that foam forming exhibits great potential in fabricating
high-performance synthetic ﬁber-based paper materials.
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