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Abstract: Paper products such as corrugated paperboards are the most
common green packaging materials, which are renewable, sustainable,
recyclable and biodegradable. However, the plastic or metal straps used to
secure the carton boxes are not so green. At the end of packaging, the carton
boxes can be recycled, but the plastic/metal straps have to be sorted out for
disposal separately. This review focuses on: 1) the global trend of green
packaging; 2) conventional plastic/metal strapping materials for carton boxes;
3) conventional market pulp baling with steel wire as the tying materials;
4) cellulose ﬁber-based materials for strapping market pulp bales and carton
boxes. New generation of cellulose paper straps are being developed for more
challenging applications with superior strength properties and repulpability.
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Introduction

The increasing environmental awareness of the public has been pushing the growth
of the green packaging market in the world. It is estimated that the global demand
for green packaging will reach one trillion USD in 2023 [1]. Among all the green
packaging materials, corrugated container paperboards account for the largest portion
of the market. As green packaging products, paperboards are made with cellulose
ﬁbers extracted from plants, and therefore they are sustainable, renewable, recyclable
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and biodegradable. However, carton boxes are often tied with plastic or metal straps
to secure the containers during handling, shipment and storage. Although the plastic
and/or metal straps can be recycled theoretically, sorting out of the plastic and metal
from the paperboards are costly and labor-intensive. In most cases the plastic and
metal straps end up as waste in landfills. Some of these plastic straps may go into
the rivers, lakes and oceans, posting increasing and lasting threats to the wildlife. It
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takes hundreds of years for the plastics to degrade in the

undergoing rapid development over the past few

natural environment, and the plastic waste is accumulating

decades. The world packaging market valued USD

[2-4]

in our oceans at an alarming rate each year

.

851 billion in 2017, an increase of 2.8% from 2016

Another green packaging scenario is market pulp

at constant prices, according to Smithers Pira[1]. It is

baling. Pulp mills which produce pulp products for sale

expected to reach USD 1,000 billion in 2023, based on

to the market usually wrap the pulp products with pulp

annual growth of 2.9%[1]. Packaging production and

sheets and secure the wrapping sheets with steel wires

sales in the emerging markets are expected to show

to form heavy and strong pulp bales for the convenience

strong growth as both increased consumption and

of transportation. The wrapping pulp sheets are green

demand for consumer goods drives the need for more

packaging materials which can be utilized at the paper

sophisticated products. The booming of supermarkets

mills together with the pulp content. However, the

and convenience foods would not be possible without

strapping wires become hazardous waste at the paper mill.

developments in paper packaging. Recent advancement

It is a dangerous and labor-intensive job to remove the

in environmentally friendly packaging are meeting the

steel wires from the pulp bales and dispose them properly.

demand of packaging manufacturers for recyclable

Cellulose paper-based straps are greener solutions

products as consumers seek to reduce waste as well

to the above problems. Cellulose paper-based straps

as limit the harmful impact of modern living on

are made with cellulose paper, so they are repulpable

the environment. The major issue for the packaging

and recyclable, as well as renewable, sustainable and
biodegradable. They are strong and tough enough

industry moving forward is adaptation to changing
markets. So called “green”-initiatives have forced

for strapping heavy carton boxes and pulp bales. The

companies to adopt an environmentally conscious

pulp bales strapped with paper straps can be conveyed

approach to business.

directly into the repulper without the need of de-wiring

Green packaging is in great demand today thanks to

operation. The paper straps disintegrate into pulp ﬁbers

increasing environmental concerns and awareness of the

as the pulp sheets do in the repulping process. No waste

publics, as well as to more stringent regulations of the

is generated in the process.

governments. Green packaging is eco-friendly because

The strength properties of paper straps are of

it uses recyclable materials such as cellulose ﬁbers and/

crucial importance to the applications in pulp baling

or paper for the packaging process, helping to reduce

and strapping large carton boxes. The break strength

the environmental impact. As shown in Fig.1, cellulose

of current straps on the market is about one half of that

paper-based green packaging materials (e.g. corrugated

for the steel wires commonly used
Pulp bales secured
with paper straps

market pulp baling. New generations
of paper straps are being developed
to have superior strength properties
in addition to repulpability and heat-
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sealability, by incorporating new

Recyclable
Sustainable
Repulpable
Biodegradable

Green packaging

technologies in base paper making
and strap making process, including
the application of nanocellulose.

Biomass
Carton boxes secured
with paper straps

2 G
 lobal trend of green packaging
Packaging technology has been

Fig.1

Bio-based green packaging materials such as corrugated carton boxes and paper
straps are recyclable, sustainable, repulpable and biodegradable
Vol.4, No.3, 2019
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carton boxes and paper straps) are sustainable and

made with fully biodegradable natural fibers and

recyclable, as well as repulpable and biodegradable.

polymers. The best example of paper-based packaging

These bio-based packaging materials are also carbon

is corrugated containers which are used to ship and

neutral, and do not contribute to the global warming

[5-7]

Bio-based packaging materials are replacing plastic in

transport goods from fragile glassware to electronics.
Corrugated paperboard is manufactured with “green”

many applications[8-10].

composites materials not only to fulfill the purpose

.

The global market of green packaging in 2016 was

but also to give them eco-friendly attributes that

estimated to be USD 152.2 billion, and it is expected to

are technically and economically feasible while

reach USD 237.8 billion by 2024, according to a recent

minimizing the generation of pollution. Corrugated

[11]

. Another report

paperboard accounts for a major portion in the global

published by Zion Market Research in 2016 shows that

green packaging market[11]. Paper-based packaging is a

the global green packaging market (reusable packaging,

versatile, cost-efﬁcient, and reliable transport packaging

recyclable packaging, and degradable packaging)

option that can protect and preserve commodity items.

reached USD 161.50 billion in 2015, and it is estimated

Paper-based packaging products can be made to be

to reach USD 242.50 billion in 2021, increasing at a

strong and lightweight, and can also be customized to

compound annual growth rate of 7.0% between 2016

meet speciﬁc packaging need of a product.

report from Grand View Research

[12]

Paper-based containers or carton boxes are

and 2021 , as shown in Fig.2.

commonly used for packing products for shipping and

Market/Billion USD

250

handling, and can then be recycled after use; however,

200

the plastic and metal straps for strapping these paper-

150

based containers or carton boxes, are not. The reason
why these plastic and metal strapping materials are

100

used is mainly for their superior strength. As shown
in Fig.3, carton boxes are commonly secured/strapped

50
0
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Growth of global green packaging market in billion USD

According to a recent survey, about 50.0% of
people in the regions of South and North America
would like to choose products with green packaging,
and 42.0% of them are willing to pay an extra for
green packaging over regular packaging for the same
products[11]. Reusable packaging, recyclable packaging,
and biodegradable packaging are the three major types
of green packaging on the global market. Among them,
recyclable packaging was dominant in 2015 in the
global green packaging market, accounting for around
57.5% of the total green packaging market[11].

3

using plastic straps. Use of such plastic or steel straps
is problematic as the straps must be removed from the
box and discarded, while the carton boxes are recycled.
This process of separating the recyclable materials from
the non-recyclable materials is costly, often it is a timeconsuming process, and can cause injuries.
The use of fossil-based components such as plastic
and steel straps in corrugated container packaging
creates substantial problems in recycling of the paperbased corrugated container. The impurities (plastic
and steel straps) must be sorted out from the paper
container for proper disposal. Most of these plastic and
steel straps are disposed in landﬁlls, and many of them
end up in rivers, lakes and oceans. Millions of tons of
plastics enter the oceans every year[2-4]. Plastic strapping

 lastic strapping materials are often used
P
for carton boxes

handling and transportation. After use, the plastic

Green materials usually refer to those which are

bands/straps have to be sorted out from the carton
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by micro plastics is of concern
not only because of the ecological
impacts but also because they may
compromise food security, food
safety and consequently human
health. The presenc e of micro
plastics in species used for human
consumption is a global problem and
we are vulnerable to micro plastic
exposure through the consumption of
seafood and other human food items,
as well as through other routes such
as air[26].
With the increase of online
Fig.3

Plastic straps are commonly used for securing/ strapping carton boxes

shopping, the demand for
ecologically sound packaging

boxes for recycling, which is costly and labor intensive.

systems is growing. World demand

Some of the plastic straps/bands may escape the sorting

for green packaging, including recycled-content,

process and cause problems to the paper recycling

reusable, and degradable packaging exceeded USD

and regenerating processes. Furthermore, some of the

200 billion in 2015, rising 5.7% per year [11]. High

plastic bands go into the environment and ﬁnally end up

demand growth is expected in reusable and degradable

in the waterways and oceans, which can be hazards to

packaging materials that are made from sustainable

wildlife and sea animals. It has been found that plastic

and renewable resources. Many companies including

entanglement in marine debris is a contributing factor

pulp and paper manufactures are seeking opportunities

[13-15]

. Plastic packing/

to demonstrate environmental responsibility and

strapping bands which are used for holding carton

differentiate their products by using green packaging

boxes are the most common neck entangling materials

materials. The disadvantages of metallic and plastic

found on sea animals, accounting for about 49% of the

strapping have prompted the development of renewable

total entanglement cases, more than the sum of rubber

paper-based strapping materials for pulp baling and

to sea animal injury and death

[16-17]

bands, net, rope and ﬁshing line

.

carton box strapping. Using paper straps as the securing

Another issue with plastic waste is the negative

material for carton boxes allows recycling of the whole

impact of micro plastic particles on wildlife and food

packaging materials without the need to sort out the

contamination. Micro plastics are produced from

strapping materials. The paper straps together with old

the fragmentation and degradation of plastic waste,

corrugated containers can be fed directly to the repulper

which have been found worldwide in water and soil.

in the waste paper recycling process. Thus all the

Micro plastic particles are highly persistent in the

disadvantages of plastic or steel strapping materials can

environment, and they accumulate in marine ecosystems

be eliminated.

[18-20]

. Ocean coastal areas of heavily

The market of strapping materials (steel,

impacted regions are the ecosystems most polluted with

polyethylene and polyester) was estimated to be USD

at increasing rates

. Micro plastics particles can

4.5 billion in 2016 in the world[27]. They were mainly

be uptaken by a wide range of marine organisms by

used for food, beverage, industrial logistics, warehouse,

[21-23]

micro plastic particles
different processes

[24-25]

. The contamination of oceans

corrugated cartons, paper, newspaper and graphics,
Vol.4, No.3, 2019
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in which paper straps could potentially be used as the

position, and the wire strand is pulled down from the

alternative strapping materials. Therefore, the potential

chute to wrap around the bale, tensioned, twisted and

market is huge for paper straps in these applications.

severed. The free end of the steel wire coil is then

4 S
 teel wires are often used for strapping/
baling market pulp

automatically fed through the chute into the tying head

In the pulp and paper industry, market pulp mills
produce dried pulp in the form of pulp sheets, which are
stacked and compressed into bales, and wrapped and
secured with steel wires wound around the pulp bales
for transportation and storage, as shown in Fig.4. A
typical pulp bale weights about 250 kg. It is necessary
to use strong steel wires to secure the heavy pulp bales
for storage and transportation.
In a conventional automatic pulp baling process, a
steel wire strand is threaded into the tying mechanism
from a steel wire coil mounted on the tying machine
which is equipped with a hydraulic power unit, a tying

again, ready for another tying operation. The pulp
bale is now tied with steel wire in one direction, and it
moves out of the tying machine onto a turntable where
it rotates 90°to make the other ends of wrapper fold.
Then the pulp bale is conveyed onto another wire tying
machine to apply another wire in the cross direction.
The wire tying process may be repeated in one or both
directions if necessary to secure the pulp bale in the
shape according to transportation requirement.
These steel wires tighten on pulp bales must be
cut and removed by workers before the pulp bales are
sent to the repulper. Fig.5 shows the typical de-wiring
operation of pulp bales at paper mills. The cut steel
wires pose a safety hazard to the workers. When the

head and a wire chute looping the steel wire around

workers are cutting the steel wires, the cut wires may

the perimeter of the pulp bale. The free end of the wire

spring apart suddenly and can cause serious cuts and

strand is held in the tying head, and the wire is being

eye injury to the workers. Disposal of the waste wires

pulled back towards the coil until the wire loop around

is also costly and dangerous. In the case if a steel wire

the pulp bale is tight enough to reach the preset tension.

is left in the pulp bale due to inadequate de-wiring

Then the joint portion of two ends of the wire loop

operation, the steel wire may get into the repulper and

is twisted to secure the joint of the wire ends. A pulp

cause extensive damage to the equipment. The de-

bale goes into the chute area of the machine to activate

wiring operation includes manual cutting and pulling

the tying machine, and the pulp bale stops at the right

out the steel wires from the pulp bales. Although

(b)

(a)

Fig.4
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Market pulp bales are strapped with steel wires for storage and transportation

(c)
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Fig.5

At the paper mills the steel wires must be cut and removed from the pulp bales prior to the repulping process

there are now automatic pulp bale de-wiring systems

tightening materials, the pulp bales can be fed directly

available, their use is still not very common in the

to the repulper at a paper mill without the need of

industry. Most pulp bales are still de-wired manually

removing the strapping materials, as they are made of

by paper mill workers. The de-wiring task can be very

wood pulp ﬁbers and can be dispersed into individual

labor intensive and dangerous. There are over a dozen

fibers in the repulper, in a way similar to the pulp

of steel wires need to be cut and pulled out manually

sheets. No waste is generated in this process. All the

for each ton of pulp (4 bales). Workers are often injured

disadvantages of steel wire strapping can be eliminated

by cuts, punctures and scratches from the sharp ends

with paper straps in pulp baling.

of the cut wires. Furthermore, many of the cut and

It should be noted that the “Unitized Stack of 8

removed wires from pulp bales may get into walkways,

Bales” is generally tied with 7 heavy gauge wires for

conveyor drive mechanisms and other equipment at the
paper mills, which may cause other problems.

transportation within ocean container and railcars.
Fig.4(a) shows stacks of eight bundles tied with heavy

5 C
 ellulose fiber-based materials for
strapping market pulp bales and carton
boxes

steel wires. These wires will remain in use for safety

The disadvantages of metallic and plastic straps have

these wires are removed at the receiving port or

prompted the development of renewable, repulpable,
recyclable and biodegradable paper-based straps for
pulp baling and carton box strapping. As paper straps
have all the merits of green packaging products, people
are paying more attention to paper straps that can
replace steel or plastic wires/bands, in particular, when
issues of manpower, equipment, safety and environment
are all considered. The paper straps are repulpable

reasons while lifting large quantities, and cannot be
replaced with cellulose or plastic straps. Many times
distribution warehouse. The individual bales tied with
cellulose ﬁber-based materials are then shipped to the
paper mill where 100% of these bales can be repulped
without the removal of the paper straps.
The global production capacity of market bleached
chemical pulp reached 64 million tons per year in
2017, including 35.3 million tons of hardwood kraft
pulp, 28.3 million tons of softwood kraft pulp and 0.4

strapping materials with high tensile strength which

million tons of sulphite pulp[28]. If paper straps are used

would be sufficient in securing pulp bales and large

to replace steel wires for the strapping of these market

carton boxes. The paper straps can be sent the repulper

pulp bales, the demand for paper straps would be as

together with the pulp bales in the repulping process,

large as 8200 million feet per year.

or with the old carton boxes in the paper recycling

Over the years, progresses have been made in

process. The paper strap needs to be flexible enough

improving the design and mechanical properties of the

so that it can be wrapped tightly around a pulp bale in

paper straps[29-34]. In one example, a paper strap is made

the automatic baling process. With paper straps as the

with a dozen twisted paper strings that are aligned in
Vol.4, No.3, 2019
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parallel and glued together using
polymers into a ﬂat band. In another
example, paper is folded multiple
times in the length direction to make
a paper strap. Paper straps can also
be made based on the laminating
method. In the baling process, the
paper strap is placed around the pulp
bale, and the two ends of the strap
are adhered one to another by heat
and pressure. Poly vinyl alcohol
(PVOH) is the usual adhesive used
in such a product, and PVOH is
compatible with the repulping and/or
recycling process. Thus, a carton or

Fig.6 A typical paper strap coil for the baling of bleached grades of market pulp.
The paper strap is consisted of (13 to15) twisted paper strings which are glued
together parallelly with a biodegradable and water soluble polymer

pulp bale bound by the paper strap

closed loop brushless DC servo gearmotors to ensure

can be processed in an industrial repulper along with

controlled acceleration, smooth operation and less wear

the paper strap (recycled strap). The PVOH coating

on all moving components. The track is made with

on the outer surfaces of the strap provides heat sealing

pecialized materials and coatings for smooth operation

ability, but it has a negative effect on the repulpability

even in a high heat and humidity pulp mill environment.

of the paper straps due to the fact that it hinders water

In the pulp baling process with paper strap, a paper

penetration.

strap is directed into the strapping mechanism from

Today, a few companies are known to manufacture

a paper strap coil mounted on the strapping machine

and/or supply paper straps. Fig.6 shows a typical paper

which is equipped with a strapping head and a strap

strap for the baling of bleached grade of market pulp.

chute looping the strap around the perimeter of the pulp

Paper straps can be made with unbleached kraft pulp

bale. The free end of the paper strap loop is held in the

ﬁbers so that the color of the strapping materials match

strapping head, and the other end of the strap loop is

that of the pulp fibers. For the material itself, paper

being pulled back towards the strap coil until the strap

straps are about 3 times more expensive than the steel

loop around the pulp bale is tight enough to reach the

wires. This is one of the most important reasons that

preset tension. Then the joint portion of two ends of

most of the market pulp is still baled with the steel wire

the strap loop is heat with a hot blade and then press

system, unless the customers (papermakers) request

to seal joint. The strapping machine is activated when

that pulp bales are strapped with paper straps instead of

a pulp bale goes into the chute area, and then the pulp

steel wires.

bale stops at the right position, and the paper strap is

Fig.7 shows typical automatic strapping machines

pulled down from the chute to wrap around the bale,

using paper straps as the tying materials for pulp bales.

tensioned, heat-sealed and cut. The free end of the

Fig.7(a) shows that the strapping machine has an

paper strap coil is then automatically fed through the

auto coil change system so that the machine can run

chute into the strapping head again, ready for another

continuously without the need to stop for strap coil

strapping operation. The pulp bale is now secured with

changing. Fig.7(b) shows a turn table to rotate the pulp

a paper strap in one direction, and it moves out of the

bale by 90°to facilitate strapping in the cross direction.

strapping machine onto a turntable where it rotates

All functions of the strapping machine are driven by

90°to make the other ends of wrapper fold (Fig.7(b)).
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designed to have good repulpability
so that all the paper straps go
into the repulper with pulp bales
will disintegrate into pulp fibers
in a normal repulping cycle. The
repulpability of paper straps can

(a)

be tested in the lab with a standard
disintegrator. A paper strap sample
is cut into 2-inch strips, and 24
g rams of the cut paper strips
are disintegrated in a standard
(b)

disintegrator for 50,000 revolutions

(c)

Fig.7 Automatic pulp bale strapping with paper straps. The strapping machine has an
auto coil change system (a) and a turn table (b). The pulp bales strapped with paper straps (c)

at 35℃. The pulp slurry obtained
is then diluted to 0.3% consistency
suspension, 400 mL of which is
used to form a lab paper sheet
(handsheet) according to Tappi
method T205. The handsheet is then
examined visually for the presence
of fiber bundles by holding the
sheet against a light source. If
no fiber bundles are visible, the

Fig.8

Pulp bales strapped with paper straps are conveyed directly into the repulper
without the need to remove the paper straps from the bales

Then the pulp bale is conveyed onto another strapping
machine to apply another paper strap in the cross
direction. The strapping process may be repeated in one
or both directions if necessary to secure the pulp bale
according to transportation requirement, as shown in
Fig.7(c).
When the pulp bales strapped with paper straps are
delivered to the paper mills, the pulp bales with paper
straps on them are conveyed directly into the repulper,
as shown in Fig.8. No de-wiring or de-strapping is
required, as the paper straps are made of wood pulp
ﬁbers and can be dispersed into individual ﬁbers in the

paper strap sample passes the
repulpability test.
The repulpability and strength

properties are the most important quality parameters of
the paper straps, as to the concerns of pulp producers
and papermakers. Other important parameters include
heat-sealability, stiffness, flexibility, length, thickness
and width. These parameters are usually specified by
the suppliers of the strapping machines, as they are
more related to the strapping operation of the strapping
machine. In many cases of the pulp mills that are
currently using paper straps for pulp baling, both the
paper straps and strapping machines are supplied and
serviced by the same supplier.

The repulpability of the paper straps is critically

 ew developments of paper straps with
N
improved strength properties

important for pulp bale application, as the papermakers

These paper straps currently available on the market

do not want to apply extra time and energy in the

are typically about 0.75 inch wide, and 0.05 inch thick,

repulping process. Therefore, the paper strap are

with apparent density of about 0.63 g/cm3, stretch of

repulper, in a way similar to the pulp sheets.

6
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about 10%, break strength of about 325 lbs. The break

inter-fiber bonding strength, other factors including

strength of the current paper straps is signiﬁcantly lower

fiber length, fiber deformation and fiber orientation

than the conventional pulp baling wire (about 850 lbs).

also have signiﬁcant effect on the strength properties of

To increase their strength, the paper straps may be made

base paper[35-39]. Currently, a typical paper strap on the

heavier (measured as weight per length), with larger

market has a tensile breaking length of about 9.8 km.

width and thickness, but the stiffness and bow height

Commercial NBSK (Northern bleached softwood

would be too high to, which will have negative effect

kraft) pulps available on the market differ in fiber

on the performance of the automatic strapping system,

strength (measured as zero-span tensile strength), as

and the cost of paper straps. The current paper straps

well as in ﬁber length and deformation[40-43]. As shown

also exhibit signiﬁcant liquid resistance that limits the

in Fig.9, the maximum zero-span tensile breaking

rate at which the paper strap breaks down during the

length of the 3 commercial NBSK pulps varies from

repulping process.

about 14.5 to 20 km, which suggests that the fibers

Another problem is that for mills at tropical regions

might have suffered various degrees of damages

(high temperature and high humidity environment), the

(chemical and mechanical) during the pulping and

conventional paper straps may stick together in a strap

bleaching processes, although the wood properties

coil, affecting the operation of the strapping machine.

including the ﬁbrils angle of ﬁbers may also contribute

These problems are associated with the PVOH coating

to the difference in the zero-span tensile strength. The

on the surface of the paper straps to provide heat

freeness corresponding to the maximum zero-span

sealability, mechanical strength properties and abrasion

tensile strength also varies from 450 to 550 mL CSF,

resistance. In addition, the existing paper-based

indicating that the degrees of ﬁber deformation of the 3

straps are much more expensive than the metal- and/

NBSK pulps are also different[43].

or plastic-based material, which negatively limits the
share of paper straps for pulp baling is growing in the
past few years thanks to the environmental awareness
of the public and the recognition of the environmental
advantages of paper straps by the papermakers.
Research programs are under way at the University
of New Brunswick to develop novel technologies to
address the above issues. The goal is to develop a new

22
Zero-span tensile breaking length of
dry sheet/km

wide use of the paper straps. Nevertheless, the market

generation of paper straps that can meet the needs of
different applications.
6.1

20
18

NBSK 1#

NBSK 2#

16
14

NBSK 3#

12
10
100

200

300

400

500

600

700

Freeness/mL CSF

Fig.9

Zero-span tensile breaking length of 3 different
commercial NBSK pulps[43]

Strength properties of the base paper for paper
straps

Cellulose degradation pattern depends on the acidic

The strength of the paper straps depends largely on the

or alkaline conditions inducing the degradation [44-45].

strength properties of the base paper, as the base paper

Acidic or oxidative alkaline treatment of pulp may

accounts for more than 90% mass of the paper straps. It

produce similar pulp viscosity or average molecular

is well known that the paper strength is determined by

weight of cellulose chains. However, the damage to

the strength of the individual ﬁbers and of the bonding

cellulose fibers caused by acidic treatment is often

strength between the fibers. More recent studies have

localized at points on the cell wall structure of the

shown that in addition to individual ﬁber strength and

fibers, while alkaline degradation is usually more
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Homogeneous
Alkaline conditions,
ageing: not very harmful
to strength
Heterogeneous

Fig.10

structure[36]. Both fiber deformation and damage can
have negative effects on the tensile strength of resulting
paper, but their mechanisms are different. Fiber

Acidic conditions, local
defects even at the fiber
level: harmful to strength

deformation usually decreases the tensile strength of

Ozonation, degradation
of the fibril surface: less
harmful to strength

fiber network, while the fiber damage decreases the

Damages to ﬁbers during the pulping and
bleaching processes[45]

paper by reducing the bonding ability of fibers in the
tensile strength by lowering the fiber strength. The
negative effect of fiber deformations on the strength
properties can be removed partly or completely by

homogeneous throughout the cellulose ﬁbril structure.

mechanical refining treatment[41,54-55]. Fig.11 illustrates

Therefore, acidic degradation is more harmful to

the effects of ﬁber deformation (curl and kink) on the

fiber strength when the pulp is evaluated at similar

stress-strain relationships of pulp ﬁbers[36].

viscosity, as shown in Fig.10. The detrimental effect

For strong NBSK pulp ﬁbers, the inter-ﬁber bonding

of acid treatment depends on the acid species, acid

strength becomes an important factor in determining

[46]

concentration, exposure time and temperature .
Fiber deformation has a significant effect on the

the paper strength properties. It has been shown that
the zero-span tensile breaking length of a NBSK pulp

stress-strain relationship as well
as the ultimate tensile strength of
paper sheets. Commercial pulp
fibers commonly have curls and
kinks. Even the original ﬁbers in
wood have some deformations
due to growth stresses [47-48] .
In the pulping process, the
mechanical action in chipping,
pumping and pressing and
chemical reactions of alkali and
acid can cause the formation
of fiber curl, deformations and
damage

[49-53]

Straight fibers of commercial
softwood bisulphite pulp of
62% yield

Moderately curly fibers of
commercial dried bleached
softwood kraft pulp

State I

(a)

. These changes

State II

(b)

Stress

Stress

to fiber morphology may lead

Dislocated

into lower pulp strength. Fiber
Natural

deformation can be reversed by
refining treatment to straighten
the fibers, while fiber damage
cannot be reversed by any known

Strain
State III

State IV

(d)
Stress

Stress

properties are also different.

Strain

Microcompressed
(c)

treatments. Their effects on pulp

Grossly curled

Fiber deformation may increase

Gently curled

the bulk and air permeability of

Strain

pulp and resultant paper products,
by influencing the fiber network

Highly curied fibers of
commercial flash-dried
bleached softwood kraft pulp

Fig.11

Crimped

Strain

Examples of ﬁber deformation and their effect on the stress-strain relationships[41]
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sheet can be as high as 22 km [40-43], which is more

are ﬁxed. Paper sheets can be made to have the ﬁbers

than 2 times higher than the strength of current base

aligned in length with the machine direction (MD)

paper. Therefore, if we would increase the inter-

by optimizing the paper web formation process on

fiber bonding strength of strong NBSK pulp fibers,

the paper machine. With an optimal fiber orientation,

we can increase the strength of the base paper and

the MD tensile strength of the base paper can be

thus increase the strength of paper straps. Mechanical

increased dramatically. For example, the maximum

reﬁning can improve inter-ﬁber bonding by increasing

tensile breaking length of handsheets prepared with

fiber collapsibility and flexibility, and generating

PFI-reﬁned NBSK pulp is about 12 km; with the same

micro-ﬁbrils to promote formation of hydrogen bonds

pulp, the MD tensile breaking length can reach 16 km

between fibers. However, the refining process is

or even higher for a paper sheet prepared on a dynamic

highly energy intensive, and it may decrease the fiber

sheet former with favorable ﬁber orientation in the MD

length, increases the density of the paper and reduces

direction.

its porosity, stiffness, and tearing resistance. To avoid

According to the study of Page and Seth [35], the

these negative effects of refining, strength additives
can be added at the wet-end of the papermaking

stress of a paper sheet (s ) in the load direction is a
function of the ﬁber modulus Ef, micro strain e and the

process. The commonly used dry strength additives in

ﬁber orientation angle q to the load direction (Fig.12),

the papermaking process are generally water-soluble,

with the expression of the following equation:

hydrophilic polymers, either natural or synthetic, such

p

s =Ef 0 e cos2q (cos2q - vsin2q ) f (q )dq

as starch, vegetable gums, carboxymethyl cellulose and
synthetic polymers[56]. More recently, nanocellulose

various cellulose fibers, and it is believed to have

For a random ﬁber orientation paper sheet, f(q )=1/
p, and the integration of the above equation yields
the simple result that the modulus of the paper sheet
Ep is one-third of the modulus of its component ﬁbers,

great application potential as strength reinforcing

E p=1/3E f[35]. For a special case in which the fibers

material due to its unique properties, such as nano scale

are favorably aligned in the load direction (e.g. MD

dimension, high specific strength and modulus, high
. With chemical modification, CNFs

direction), i.e. q =0, the paper modulus would equal
to the fiber modulus, Ep=Ef. Under this perfect fiber

strength additives can be retained in paper effectively

alignment conditions, if we assume the inter-fiber

with cationic polymers, which leads to the production of

bonding strength is strong enough to bear the load, the

much stronger paper sheets at a low CNF dosage. More

ultimate MD tensile strength of the paper would equal

importantly, both the dry and wet strength of paper can

to the ﬁber strength.

has been found to be an effective strength additive
for paper [57-59]. Nanocellulose can be produced from

surface area

[60-62]

be increased by this approach without increasing the
density of the paper sheets[57]. In Trois-Rivières, Québec
of Canada, there is a CNF demonstration plant, which
can produce 5 t/d of CNFs (known as FiloCell)[63]. The
strengthening effect of CNF to paper products has been
conﬁrmed by many trials and industrial applications.
Another important factor affecting the strength

Fig.12

6.2

Fiber orientation in a paper strip at an angle of q with
the load direction (adapted from Page[39])

Nanocellulose-reinforced PVOH coating

properties of the base paper is the fiber orientation

The current paper straps have a PVOH coating on

coefficient. The orientation of the fibers in the paper

their outer surface to provide heat sealability, tear

structure can have a determining effect on the tensile

and abrasion resistance. PVOH films are much more

strength of the base paper, when other parameters

stretchable than paper. In a typical tensile strength

64
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testing, the stretch of the base paper (elongation at

polymer substrate above percolation threshold by

break) is about 3%, which is substantially lower than

hydrogen bonding may also be a contributing factor to

that for neat PVOH ﬁlms. The Young’s modulus of the

the improved strength properties[72-73].

PVOH ﬁlms can be increased to match that of the paper

To further increase the strength properties of paper

substrate by the addition of nanocellulose, so that the

straps, cellulose nanocrystals (CNCs) and cellulose

PVOH ﬁlm coating can contribute to tensile stress load

nanoﬁbrils (CNFs) can be added to the PVOH coating

bearing of the paper straps.

formula. CelluForce has a 1 t/d CNC demonstration

CNCs and CNFs have been reported to be excellent

plant in Windsor, Quebec of Canada[74]. It can provide

reinforcing materials for polymer composites [64-65].

300 t/a of high quality CNC extracted from wood pulp

CNCs and CNFs have very high tensile strength and

ﬁbers. The CelluForce CNC has about eight times the

elastic modulus, and they also have very large speciﬁc

tensile strength of stainless steel, and it is lightweight

surface areas with abundance of hydroxyl groups on

and non-toxic.
Fig.13 shows the tensile breaking length of paper

the surface to form hydrogen bonding with PVOH

strings/straps coated with CNC-reinforced PVOH. The

molecules.
CNC is rigid rod-like crystals with diameter in

breaking length of the base paper was 11.6 km, and

the range of 5~70 nm and lengths of a few hundred

the paper strap made with the base paper had a tensile

nanometers. The particles are 100% cellulose and

breaking length of 15.1 km, which increased to 18.2 km

[66]

highly crystalline, between 54%~88% . The variety of

with CNC reinforcement[75].

depends on the source of cellulosic material and
condition under which preparation is carried
out. CNC exhibits many unique characteristics
including: high strength, the tensile modulus and
tensile strength of CNC can be up to 167.5 GPa
and 7.5 GPa, respectively [67], high aspect ratio (up
to 100) [68], high specific surface area (up to several
hundred m2/g)[69], polar groups (—OH) which provide
excellent means of moisture absorption and surface
reactivity, light weight, the hollow tubular or cellular
nature of CNC reduces their bulk density (1.59 g/cm3)
, making them light weight, especially when compared

CNC loading on optimum-PVA matrix/%

dimensions, morphologies, and degree of crystallinity

Heat treatment, 105℃/15min

Air dry

5.0

15.7

4.0

15.3

3.0

15.1

2.0

15.1

1.0

15.1
15.1
14.6

0
Base
paper

18.0
17.9
17.8
17.5

11.6
0

Fig.13

18.2

5

10
Breaking length/km

15

20

Effect of CNC-reinforced PVOH coating of the tensile
breaking length of paper straps

with inorganic nanoparticles. The unique structures

7

of CNC give those improved material properties and

Global demand for green packaging is growing steadily

therefore a large variety of applications in various

thanks to the increasing environmental awareness of the

industries, such as pulp and paper, textile, biomedical,

public. The current plastic and metal tying materials for

personal care products, plastic, electronic, among

carton boxes are problematic, because at the end of the

others

[70]

. CNC can positively affect the strength of the

polymer composites

[69-71]

Summary

packaging life, the plastic/metal straps have to be sorted

. The strong reinforcement

out from the carton boxes for proper disposal, which is

effect of CNC is attributed the high tensile modulus

expensive and inefficient. Cellulose fiber-based paper

and strength of CNC, as well as the strong interaction

straps are greener alternatives, as they are renewable,

between CNC particles and the polymer substrate.

sustainable, recyclable and biodegradable. Carton boxes

Formation of a network structure of CNC in the

tied with paper straps can be sent to recycling system
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directly after use, without the need to sort out the
strapping materials. For a similar reason, paper straps
are being used by some pulp mills to replace steel
wires in market pulp baling to reduce papermakers’
production cost by eliminating the need of de-wiring
the pulp bales. The pulp bales can be conveyed directly
into the repulper, and the paper straps will readily
disintegrate into pulp ﬁbers which are used for making
paper products. No waste is generated in the process.
New generations of paper straps with superior strength
properties and repulpability for more challenging
applications are being developed by applying new
technologies to the base paper and strap making
processes.
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