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Abstract The study aims to investigate the effect
of the different lignocellulosic pulp on the composite
properties for active packaging application. Micro-
fibrillated cellulose from bleached and unbleached
Kraft and thermomechanical pulp (TMP) having dif-
ferent cellulose, hemicellulose, lignin, and extractive
content were used as the matrix phase with antimi-
crobial bis-phosphinato bismuth complex as the dis-
persed phase. The Kraft pulp has thinner fibres as
observed in the SEM images and have higher aspect
ratio (EMT 109-157) compared to TMP (EMT
43-51). So, it is more easily fibrillated resulting in a
strong close network and therefore resulting in low
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water vapor transmission rate (WVTR) and high ten-
sile index (20-91 g/m®.day and 59—78 Nm/g respec-
tively) compared to the TMP ones (153-261 g/m>.
day and 35-43 Nm/g respectively). While the physi-
cal dimension of the fibres controls the mechanical
and barrier properties, the leaching and antibacterial
performance is related to the bonding of the com-
plex with the matrix. The high hydrophilicity of the
bleached kraft pulp results in a weak bond with the
hydrophobic bismuth complex, easing its release to
kill the surrounding microbial population and thus
resulting in larger zones of inhibition against both
Gram-positive and Gram-negative bacteria. There-
fore, bleached kraft pulp was found to be the most
suitable with promising barrier, mechanical and anti-
bacterial properties.

Keywords Bismuth - Kraft - Thermomechanical -
Packaging - Antibacterial

Introduction

Polymeric materials are used for packaging applica-
tions to protect the contents from contaminants and
gases such as water vapour and oxygen (McKeen
2013). Conventional packaging only acts as a physi-
cal barrier, whereas antimicrobial (AM) packaging
provides additional protection from microbial con-
tamination. AM packaging helps prevent microbial
growth on surfaces, thus reducing the chance of
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contamination and spoilage (Appendini and Hotch-
kiss 2002). AM packaging can be achieved by
incorporation of antimicrobial agents into the poly-
meric matrix.

Metal-based antimicrobial additives are becom-
ing increasingly popular. Examples include nano-
particles, inorganic compounds and organometallic
complexes of gold, silver, copper, and zinc (Patra
et al. 2012). Since metal-based antimicrobials can
have multiple mechanisms of action on microor-
ganisms, it can be difficult for bacteria to develop
resistance (Lemire et al. 2013; Patra et al. 2012).
Due to the overuse of common antimicrobial
agents, a large fraction of the bacterial population
has developed some form of resistance (Pal et al.
2014). As such, there is a constant need to develop
and study new antimicrobial agents. One such agent
is the organometallic bis-phosphinato bismuth com-
plex, [BiPh(O(O =)PPh,),], which we have recently
shown to display good antimicrobial properties
(Philip et al. 2016). The complex is only sparingly
soluble in water, opening up opportunities to be
incorporated into materials (Werrett et al. 2018).

Active packaging materials have been stud-
ied as well as commercially used using different
petroleum-based polymers such as polyethylene,
ethylene, and vinyl alcohol (Oun et al. 2020; Yu
et al. 2016), but recently more green and sustain-
able polymers have attracted considerable attention
as potential replacements for these. Lignocellulosic
materials are of great interest because of their bio-
degradability, renewability and ready availability
and sources like pine needle, bagasse and rice straw
are being studied by many researchers for active
packaging applications (Kumar et al. 2021; Youssef
et al. 2012, 2013). Microfibrillated cellulose (MFC)
films are an interesting material for packaging appli-
cations, as the process of mechanical treatment to
reduce fibre size substantially improves barrier and
mechanical properties (Garusinghe et al. 2018). We
have recently shown that MFC films loaded with the
bis-phosphinato bismuth complex (Bi-MFC com-
posites) can serve as high performance packaging
material with antimicrobial activity towards some
of the most concerning drug-resistant bacteria and
fungi (Maliha et al. 2019). We have also shown that
the Bi-MFC composites have antibiofilm properties,
further mitigating the chances of contamination and
spoilage (Maliha et al. 2021a).
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Commercialisation of pure MFC products is still
challenging and expensive and the current market
is quite small. Bacterial cellulose and some plant
sources like cotton are composed of pure cellulose
and can be directly used for MFC production (Balea
et al. 2020). However, most paper mills use wood-
based sources to produce pulp with different com-
positions, containing different levels of cellulose and
other components (hemicellulose, lignin, and extrac-
tives). MFC can be produced from lignocellulosic
sources (Kumar et al. 2021) and thus integrating the
Bi-MFC composite production into conventional
pulp and paper mills can reduce production cost.
Hence, this paper presents the preparation and char-
acterisation of Bi-MFC composites using the pulp
from conventional pulp and paper mills. The wood
is processed to pulp in different ways in the mills to
separate the fibres, either chemically (kraft, sulfite
and soda pulping), mechanically or thermomechani-
cally. The kraft process, the most common chemical
pulping method, uses NaOH and Na,S to break the
bonds among the cellulose, hemicellulose and lignin,
getting rid of most of the lignin (Biermann 1996). A
published analysis of bleached kraft pulp revealed it
contained 79% cellulose and 18% hemicellulose, and
very small amounts of lignin, extractives and ash
(Ang et al. 2020). Bleached kraft pulp is the most
commonly used pulp for MFC production (Jonoobi
et al. 2015) or for preparation of MFC films and
composites (Bideau et al. 2016; Dankovich and Gray
2011; Krol et al. 2015; Yan et al. 2016). Thermome-
chanical pulping uses heat and mechanical refining
to soften the lignin to separate the fibres but does not
remove the lignin, leaving approximately 30% lignin
(Ma et al. 2012). There are limited studies using ther-
momechanical pulp (TMP) for antimicrobial compos-
ites, and so the effect of such pulp on the film prop-
erties for active packaging is not understood. In fact,
only a few studies have investigated the use of TMP
for MFC production (Gunawardhana et al. 2017).

The treated wood pulp fibres are often bleached,
using chlorine-based chemicals, hydrogen peroxide or
other bleaching agents, to increase their brightness for
papermaking. Bleaching of chemical pulp removes
the residual lignin to whiten the pulp. The removal
of lignin increases the fibre—fibre bonding. Bleaching
mechanical pulp involves a very different approach.
The large amounts of lignin present are not removed,
but the chromophores (part of the lignin molecule
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responsible for the colour) are altered by redox reac-
tions. Paper from thermomechanical treatment is usu-
ally used for newspapers, which can yellow as they
age due to production of new chromophores from the
lignin present there (Biermann 1996). Moreover, the
source of fibres also plays an important role since
softwood and hardwood differ in physical dimen-
sions. Softwood fibres are longer and thicker com-
pared to hardwood fibres and so are harder to fibril-
late (Chauhan et al. 2011). Composites from natural
fibres have different properties, depending on the type
and content of fibre, fibre orientation, porosity, and
hydrophilicity which is determined by the feedstock
source and pulping process involved (Huber et al.
2012; Pickering et al. 2016). Herein, composites were
made with MFC from different pulp type and sources
as the matrix phase and the antimicrobial organobis-
muth complex was used as the dispersed phase. Fig-
ure 1 shows the sources and types of pulp studied
herein describing where they are obtained from in a
paper mill. The aim of the study was to characterise
bismuth phosphinato loaded MFC composites and
understand the effect of the carrier matrix on its prop-
erties for packaging applications.

Methodology
Materials
Bleached eucalyptus kraft pulp (BEK) was

obtained from Australian Paper, Maryvale, Aus-
tralia. Bleached (BPK) and unbleached (UPK)
Radiata pine kraft pulp were obtained from Oji
Fibre Solutions, New Zealand. The bleached
(BTMP) and unbleached (UTMP) Radiata Pine

o o o o e e

thermomechanical pulp were obtained from Nor-
ske Skog, Australia. The bis-phosphinato bismuth
complex was prepared as described in our previ-
ous works (Maliha et al. 2019; Werrett et al. 2018).
In brief, diphenyl phosphinic acid and triphenyl
bismuth were heated under reflux for 24 h and the
complex was then separated from the reaction mix-
ture as dry powder.

Preparation of the films

The different types of pulp were subjected to
mechanical treatment using PFI mill refiner. The
pulp was diluted to 10 wt% and was then subjected
to 20,000 PFI mill refining revolutions. The fibres
were then diluted to 1.2wt% and disintegrated in
a 3L Mavis standard disintegrator (Model 8522)
for 15,000 revolutions. The stock suspension was
diluted to 0.2 wt% with either deionised water or
Bi-complex and water suspension to make blank
films or Bi-loaded composite films respectively. The
Bi-complex suspension was prepared by suspend-
ing a known mass of bismuth complex in deion-
ised water and subjected to high speed dispermat at
2000 rpm for 1 h. The amount of bismuth complex
in the suspension was determined to achieve a tar-
get loading of 1% Bi complex (g of Bi-complex/g
composite film). The pulp suspensions were then
made into films of target basis weight of 60 g/m>
using the British Handsheet Maker according to
the TAPPI standard T205. Films were prepared by
pouring the suspension into the handsheet maker
over filter paper (GE Whatman 541 Hardened Ash-
less filter paper) on top of the 150-mesh screen.

: Wood —v{ Pre-treatment H Pulping }—{Bleachmg H Paper maklng

L

= Kraft process

Sof(Wood

(radiata pine) pulping

Fig. 1 Representation of the sources and types of the pulp
used for Bi-MFC composites preparation. The dashed box
shows the simplified flowchart of the major processes in paper
mills. The green and the orange arrows show the preparation of
softwood and hardwood pulp respectively. Here the acronyms

Thermomechanical

UPK BPK
-~
v
uTmMP BTMP

UPK, BPK, BEK, UTMP and BTMP stands for unbleached
pine kraft pulp, bleached pine kraft pulp, bleached eucalyptus
kraft pulp, unbleached thermomechanical pulp and bleached
thermomechanical pulp respectively
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Characterisation
Basis weight, thickness, and density

The basis weight of the film was determined by meas-
uring the dried weight of a known area of sample and
dividing the weight by the area. The thickness of the
films was measured using an L&W thickness tester
and expressed as an average of 7 points from 3 dif-
ferent films and expressed as mean + st. dev. The den-
sity is calculated by dividing the basis weight by the
thickness.

SEM characterisation

The composites were cut into small pieces and
mounted on a metal stub. The sample was secured
using carbon tape and sputter coated with iridium
metal. Scanning electron microscope (SEM) imag-
ing of the coated samples were then done using FEI
Magellan 400 FEGSEM.

Surface characterisation

The surface of the blank films was studied using an
OLS 5000 optical profilometer (Olympus Corpora-
tion). A height profile was analysed using the Analy-
sis application software supplied with the instrument
at the centre line of the 2D image.

Aspect ratio measurement

The aspect ratio of the refined fibres were determined
using the gel-point measurement method as described
in Varanasi et al. (Varanasi et al. 2013). MFC suspen-
sions of different solid concentrations ranging from
0.01 to 0.1 wt% were poured into measuring cylinders
and allowed to sediment for 48 h. The initial height of
the suspension (h,) and the final sedimentation height
(hg) were measured. The concentration vs. ratio of
final to initial height (hg/h) was fitted with a smooth-
ing spline using the Curve Fitting Tool in MATLAB
(Raj et al. 2015). The gel point is the y-intercept of its
first derivative curve. The Effective Medium Theory
(EMT) and Crowding Number (CN) empirical equa-
tions were then used to determine the aspect ratio.

@ Springer

FTIR analysis

FTIR analysis was carried out using an Agilent
Technologies Cary 630 ATR-FTIR (Attenuated total
reflectance-Fourier Transform Infrared) spectropho-
tometer. The samples were placed on the diamond
and scans at 4 cm™! in the range of 4000-800 cm™!
were done.

ICP-OES analysis

To quantify the amount of the bismuth complex in
the composite films, ICP-OES (Inductively coupled
plasma- optical emission spectroscopy) analysis was
performed. Known mass of the films (10-20 mg)
were ashed in a muffle furnace where the temperature
was ramped from 25 to 600 °C over 3 h and main-
tained at 600 °C for an additional three hours. The
ash was then dissolved in nitric acid and the amount
of bismuth dissolved in the acid was then analysed
using ICP-OES. This was then calculated to quantify
the amount of the complex per gram of the composite
films.

Antibacterial properties

The antibacterial activity of the films was analysed
using the Gram-positive strains Staphylococcus
aureus (A134/ATCC 6538) and MRSA (M118797,
methicillin-resistant Staphylococcus aureus) and the
Gram-negative strains Escherichia coli (G102), and
Acinetobacter baumannii (C403/ATCC17978). LB
(Luria—Bertani) agar plate was used for all bacteria
except for S. aureus, for which nutrient agar plate was
used. Agar plates were spread with 20 pL of overnight
culture of a specific bacterium and 6 mm discs of the
film was placed on the agar plate. The plates were
incubated at 37 °C for 24 h and the zone of inhibition
was measured. For each type of pulp, blank films (no
bismuth) were tested as the control. Each experiment
was repeated three times.

The overtime effectiveness study was performed
for a specific bacterium, S. aureus, for 5 days. Herein,
the experiment was performed the same way as men-
tioned above. After 24 h incubation of the plate, the
discs were transferred using a sterile tweezer to a
new agar plate freshly spread with the same bacte-
rial strain. The plates were then incubated for 24 h to
measure the zone of inhibition formed on day 2. This
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was repeated until 5 days total incubation time was
reached.

Release behaviour

The release behaviour was studied by suspending 5
circles of the composites of 6 mm diameter in 10 mL
of Milli-Q water contained in a falcon tube. The tubes
were kept in an incubator shaker at 25 °C at 150 rpm
for 24 h. The water was then analysed using ICP-MS
(Inductively coupled plasma- mass spectroscopy).

Water vapor transmission rate

The water vapor transmission rate (WVTR) was
studied using ASTM E96 desiccant method. Stand-
ard cups containing the desiccant were sealed with
the sample and incubated at 23 °C and 50% relative
humidity. Weight of the cups were recorded at regular
intervals and the loss in mass was plotted as a func-
tion of time. The rate of change of mass obtained
from the slope was used to calculate the water vapor
transmission rate.

Mechanical properties

The mechanical properties of the films were deter-
mined using Instron Tensile Tester (Model 5965). The
samples were cut into 15 mm wide strips and condi-
tioned for 24 h at 23 °C and 50% relative humidity.
50 mm span was tested using a constant strain rate of
10 mm/min. The results were presented as an average
of six replicates.

Results and discussion
Visual observation

Figure 2 shows the physical appearance of the com-
posites. It can be seen that the bleached composites
are whiter compared to unbleached counterparts
(BPK vs UPK and BTMP vs. UTMP), as expected.
Bleached kraft pulp from both the softwood (BPK)
and hardwood (BEK) looked similar. However, the
bleached thermomechanical pulp film (BTMP) is yel-
lower, which is due to its higher lignin content. As
expected, the pulping method and the bleaching step

Fig. 2 Physical appearance of the composites using bleached
eucalyptus kraft pulp (BEK), bleached (BPK) and unbleached
(UPK) radiata pine kraft pulp and bleached (BTMP) and
unbleached (UTMP) radiata pine thermomechanical pulp

has a significant influence on the appearance of the
composites.

Characterisation

Basis weight, thickness, and density

SEM characterisation

Figure 3 shows the secondary electron images of
the composites prepared from the different kinds of
pulp. Herein, it is clearly seen that the composites
from the kraft pulp (BEK, BPK, UPK) are com-
posed of significantly thinner fibres compared to
the thermomechanical pulp (BTMP, UTMP). The
kraft pulp films consist of a closely arranged net-
work of mostly very thin fibres with a few thicker
fibre bundles. The thermomechanical films, on the
other hand, are made up of thick bundles of fibres
forming an open and more porous network. Spence
et al. reported that kraft pulp produces fibres in
nanometre range, but the same fibrillation treatment
resulted in TMP fibres in micron scale. Unrefined
fibres from both bleached and unbleached softwood
pulp were reported to be around 30 um, bleached
and unbleached hardwood pulp to be 20 um, and
TMP to be 34 um (Spence et al. 2010). The second-
ary electron images give an understanding of the

@ Springer
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Table 1 Average aspect ratio values calculated from the gel
point determined using the EMT and CN empirical equations

Type of pulp  Gel point, C.  Aspect ratio

(Wt%)
EMT CN
BEK 0.222 109 127
BPK 0.150 137 155
UPK 0.119 157 174
BTMP 1.110 43 57
UTMP 0.824 51 66

fibre dimensions to better understand the film prop-
erties. The back-scattered electron (BSE) images in
figure S1 shows that the bismuth complex (shown
as bright structures) is distributed throughout the
material in all the composites.

Fig. 3 Micrographs of

the composite films from
bleached eucalyptus kraft
pulp (BEK) (top), bleached
(BPK) and unbleached
(UPK) radiata pine kraft
pulp (middle panel),
bleached (BTMP) and
unbleached (UTMP) radiata
pine thermomechanical
pulp (bottom panel) show-
ing the fibre dimensions

@ Springer

Surface characterisation

Figure 4 shows the optical profilometry images of
the surface of the blank films and their height pro-
files. The height profile of the images on the hori-
zontal centre line (white dashed line) shows that the
bleached and unbleached thermomechanical pulp
films demonstrate more variation in height. The
height variation of BEK, BPK and UPK does not
exceed 15 pm, whereas BTMP and UTMP surfaces
show height up to 20 and 25 um respectively. The
larger difference in height in the TMP films is due to
the presence of thick fibres giving rise to a rougher
surface. While the SEM images provide higher reso-
lution micrographs with qualitative information about
the fibre size, the height data in the profilometry
images gives a good understanding about the surface
topography of the films over a larger area.
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Aspect ratio

Table 1 shows the aspect ratios of the fibres studied
using the EMT and CN theories. It is clear that the
kraft pulp (BEK, BPK, UPK) have lower gel points
and higher aspect ratios compared to the thermome-
chanical pulp (BTMP and UTMP). The gel point is
the lowest concentration at which the fibres in the sus-
pension can form a continuous network and the aspect
ratio is the ratio of length to diameter of each of the
fibres, both giving us an indication of the fibre dimen-
sions. The kraft pulp has a significantly higher aspect
ratio, indicating they are much easier to fibrillate. A
similar result was also reported by Peltola et al. (Pel-
tola et al. 2011). On the other hand, the aspect ratio
for TMP is quite low. Gunawardhana et al. reported
that TMP is much less responsive to fibrillation treat-
ment and even energy-intensive treatments of up to
200,000 kWh/tonne fibre can only change the aspect
ratio to 120 approximately and reduce the fibre diam-
eter to 40 nm (Gunawardhana et al. 2017). In compar-
ison, with BEK a fibrillation treatment of only 3542
kWh/tonne is sufficient to achieve an aspect ratio of
102 and fibre diameter of 31 nm. In fact, 40,000 kWh/
tonne will result in aspect ratio and fibre diameter of
229 and 12 nm respectively (Ang et al. 2019). In this
paper, the refining treatment is equivalent to 7000
kWh/tonne fibre. Softwood fibres are longer than
hardwood fibres (Chauhan et al. 2011), which could
be the reason behind the slightly higher aspect ratio
of BPK than BEK.

FTIR analysis

Figure 5 shows the FTIR spectra of the bismuth com-
plex loaded composite films prepared using the dif-
ferent kinds of pulp. FTIR analysis of both the blank
and Bi-loaded films were performed. They do not

Fig. 4 Optical profilometry ~ BEK
images of the surface of / >
blank films (no bismuth)

(top panel) and the height

profiles of the surface along

the horizontal centre line

shown (bottom panel). The 0
scale bars indicate 50 um

Height (um)

Table 2 Actual bismuth complex content of the composite
films analysed from ICP-OES analysis

Type of pulp Actual Bi-complex content
(wt%) (g of Bi complex/g
composite film)

BEK 0.78 £0.01

BPK 0.82+£0.01

UPK 1.09+£0.19

BTMP 1.10+£0.03

UTMP 1.04+0.03

show any change in peaks irrespective of the presence
or absence of the complex since a low level of load-
ing (1 wt%) has been studied here. Thus, the spec-
trum for the Bi-loaded composites only are shown in
the figure for simplicity and the spectra of the blank
films are shown in figure S2. There are a few strong
peaks for the bleached and unbleached thermome-
chanically treated pulp films (BTMP and UTMP),
which are missing in the kraft pulp ones. The peaks
at 1510 cm™! (labelled as 1 in the inset plot) repre-
sent the aromaticity, at 1260 cm™! (labelled as 2 in
the inset plot) represent the alkyl aryl group, and the
peaks at 1020 cm™~! (labelled as 3) represent the ali-
phatic ether in the lignin.

Thermomechanical treated pulp has around
38% cellulose and quite high lignin content of 30%
approximately, along with the highest level of extrac-
tives. Bleached and unbleached kraft pulp from soft-
wood or hardwood, on the other hand, has high cel-
lulose content (78-79%), around 20% hemicellulose
and low lignin and extractives content (Spence et al.
2010). The large amount of lignin present in the
thermomechanically treated pulp is evident from the
FTIR results.

UTMP 30 um
Y 7
s |
'. ] Il
i\ ¢
0 pm

@ Springer
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Fig. 5 FTIR spectrum of the Bi-complex loaded films pre-
pared from bleached eucalyptus kraft pulp (BEK), bleached
(BPK) and unbleached (UPK) radiata pine kraft pulp and
bleached (BTMP) and unbleached (UTMP) radiata pine ther-
momechanical pulp showing the difference in chemical com-
position

ICP-OES analysis

Table 2 shows the actual amount of bismuth complex
in the composites determined using ICP-OES analy-
sis. It can be clearly seen that the bleached kraft pulp
composites have slightly lower amounts of bismuth
complex than targeted, similar to our previous work
(Maliha et al. 2019). It can be speculated that the
highly hydrophobic nature of the complex results in
loss of the complex during preparation of the films.
On the other hand, the unbleached kraft pulp and the
thermomechanically treated pulp contains the targeted
amount within the standard error limits. Kraft pulp
has very low levels of lignin, and bleaching removes

Table 3 Basis weight, thickness and density of the blank films
and the Bi-loaded composite films from bleached eucalyp-
tus kraft pulp (BEK), bleached (BPK) and unbleached (UPK)

any residual lignin. Lignin, being a complex organic
polymer containing phenol groups, forms hydropho-
bic interactions with the bismuth complex, resulting
in higher additive retention in the composites. Simi-
larly, the lignin in the unbleached kraft pulp, although
in small quantities, helps in the bismuth complex
retention in the composites. The lignin-free bleached
kraft pulp, containing mainly hydrophilic cellulose,
does not have a hydrophobic interaction with the
complex, resulting in more loss of the complex.

Antibacterial properties

Figure 6 shows the zones of inhibition of the bismuth
complex loaded composites prepared from different
types of pulp. Figure 6A shows that the composites
have larger zones of inhibition and appear to be more
active against Gram-positive bacteria (S. aureus,
antibiotic sensitive and resistant (MRSA strains))
compared to the Gram-negative ones (E. coli and
A. baumannii). This is consistent with our previous
work with bismuth complex-MFC composites (Mal-
iha et al. 2019). Gram-negative bacteria are harder to
kill due to their lipopolysaccharide membrane, which
is absent in Gram-positive bacteria. Larger zones of
inhibition are often thought to indicate a low mini-
mum inhibitory concentration and hence somewhat
higher relative activity, but in fact this is debatable
and may be dependent on a number of other factors
such as ease of diffusion (Cooper 1963). However,
the complex has been shown to be selectively more
active on the Gram-negative bacteria when prepared

radiata pine kraft pulp and bleached (BTMP) and unbleached
(UTMP) radiata pine thermomechanical pulp

Source of wood Type of pulp Sample Basis weight (¢/m?) Thickness (um) Density (g/cm?)
Hardwood (eucalyptus)  Kraft BEK Blank 69+3 87+6 0.80
Bi-loaded  69+1 85+5 0.81
Softwood (radiata pine) BPK Blank 62+3 94 +7 0.66
Bi-loaded  62+3 9145 0.68
UPK Blank 64+2 107 +6 0.59
Bi-loaded  69+1 107 +£5 0.65
Thermo-mechanical BTMP Blank 64+2 101 +4 0.63
Bi-loaded  66+2 105+38 0.63
UTMP Blank 62+2 115+11 0.54
Bi-loaded 62+ 120+10 0.52

@ Springer
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Fig. 6 The zones of inhibition of the bismuth complex loaded
composites of bleached eucalyptus kraft pulp (BEK), bleached
(BPK) and unbleached (UPK) radiata pine kraft pulp and
bleached (BTMP) and unbleached (UTMP) radiata pine ther-
momechanical pulp against different bacteria after 24 h (A)
and against S. aureus over a period of 5 days (B). There was no
zone observed where it is labelled with a zero (0) in the graph

in hydrogel form and dispersed in a bacterial broth in
our previous work (Maliha et al. 2021b). This differ-
ence in behaviour from the disk diffusion test and the
broth suspension is not yet understood.

The bleached kraft pulp films (both BEK and
BPK) have similar, large zones of inhibition, followed
by the unbleached kraft pulp and the thermomechani-
cally treated pulps. However, the unbleached thermo-
mechanical pulp (UTMP) composite does not inhibit
the growth of either of the Gram-negative bacteria. It
is interesting that although the BEK and BPK showed
larger zones of inhibition, they showed a lower bis-
muth content than the other samples according to
the ICP-OES analysis. The larger zones of inhibi-
tion for the bleached kraft pulp could potentially be
due to a higher leaching ability of the bismuth com-
plex. Figure 6B shows the antibacterial activity of

0.45
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0.20

0.15
0.10
0.05
0.00 i -_ﬁ_

BEK BPK UPK BTMP UTMP
Type of pulp

Percentage Bi-complex Leached (%)

Fig. 7 The percentage of bismuth complex released into water
from composite films of bleached eucalyptus kraft pulp (BEK),
bleached (BPK) and unbleached (UPK) radiata pine kraft pulp
and bleached (BTMP) and unbleached (UTMP) radiata pine
thermomechanical pulp. The bars represent the percentage of
bismuth complex present in the leachate after 24 h with respect
to the mass of the complex contained in the composites. The
error bars show the standard deviation

the composites over a period of 5 days against the
Gram-positive bacteria S. aureus. The zone of inhi-
bition decreases with each day due to the loss of the
bismuth complex that has leached out into the agar.
Similar behaviour was also observed in our previous
work (Maliha et al. 2019).

Release behaviour

Figure 7 shows the percentage of bismuth complex
leached out into the water with respect to the total
amount of bismuth complex present in the compos-
ites. The bleached kraft softwood pulp (BPK) shows
the highest amount of complex leached into the water,
followed by similarly treated hardwood pulp (BEK).
The bismuth complex is a highly hydrophobic com-
plex, and has been suggested to exist in a polymeric
form (Werrett et al. 2018). It is likely that the com-
plex is weakly bonded with the bleached kraft pulp.
The kraft pulp contains mainly cellulose and hemicel-
lulose, which are hydrophilic polymers. The complex
is sustained in the matrix only by physical entrapment
within the fibre network. This may also have resulted
in lower loading of the bismuth complex than the
loading of other composites presented in Table 2.
This also explains the higher release behaviour of the
complex into the agar plates resulting in relatively
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larger zones of inhibition in Fig. 6. By contrast, the
thermomechanical pulp contains a large amount of
lignin, which forms a hydrophobic interaction with
the complex. The behaviour of lignin in TMP forming
higher adhesion with co-polymer PLA in composites
was also reported previously (Peltola et al. 2011).

The highest leachability of BPK explains its loss
of antibacterial activity over time. Lower amounts
of the bismuth complex diffuse out from unbleached
kraft pulp and the bleached and unbleached thermo-
mechanical pulp. The unbleached thermomechanical
pulp (UTMP) leaches the least and hence the accessi-
bility of the complex for bacteria is reduced explain-
ing the reduced antibacterial effectiveness. The lower
accessibility of the complex in UTMP reduces its
effectiveness against the hard-to-treat Gram-negative
bacteria.

Water vapor transmission rate

Figure 8 shows the water vapor transmission rate of
the films prepared from the different types of pulp.
It is clear that the kraft pulp films (20-91 g/m?.day)
have better barrier performance to water vapor com-
pared to the thermomechanical films (153-261 g/
m?.day). The chemically treated pulp is more easily
refined and when subjected to similar refining treat-
ments, the kraft pulp undergo more fibrillation than
the thermomechanical pulp. This can be verified from

m Blank
250 | mBi-loaded

WVTR (g/m*day)
g 2

W
(=1

(=3

BEK BPK UPK BTMP UTMP
Type of pulp

Fig. 8 The water vapor transmission rate (WVTR) of the films
prepared from bleached eucalyptus kraft pulp (BEK), bleached
(BPK) and unbleached (UPK) radiata pine kraft pulp and
bleached (BTMP) and unbleached (UTMP) radiata pine ther-
momechanical pulp with and without the bismuth complex at
23 °C and 50% relative humidity. The error bars indicate stand-
ard deviations
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the SEM images showing thinner fibre diameter for
the kraft pulp. The thin fibres form a dense network
held together by strong hydrogen bonding. This dense
network increases the tortuosity making it harder for
small water vapor molecules to pass through. The
strong hydrogen bonding also results in stronger
films. Table 3 shows that the material density of
BEK was higher compared to BPK, although both are
bleached kraft pulp. The unbleached pulp films (UPK
and UTMP) are less dense and thicker than their
respective bleached counterparts (BPK and BTMP).
WVTR is reported to be dependent on the mate-
rial density (Rojo et al. 2015), which was higher for
BEK (0.80 and 0.81 g/cm3) compared to BPK (0.66
and 0.68 g/cm3), as presented in Table 3. Thus, since
both BEK and BPK are bleached kraft pulp, the dif-
ference in density could be the reason for the varia-
tion in water vapor transmission rate. With decrease
in density, the films have a more open network struc-
ture leading to an increased pore volume. Moreover,
softwood fibres are long and thick and hardwood
fibres comparatively short and thin. Thus, softwood
fibres need coarser refiner plates to break them down
(Chauhan et al. 2011). The fibres in BPK might not
be as fibrillated as BEK which might have resulted
in the variation in density and water vapor barrier
performance. The films from bleached pulp (BPK
and BTMP) show better barrier performance than
its unbleached counterpart (UPK and UTMP). Other
studies have shown that the WVTR for bleached
hardwood kraft pulp, unrefined or refined using valley
beater and homogeniser, is lower than the unbleached
pulp (Spence et al. 2011). In our previous study,
composites prepared by spraying technique showed
increase in water vapor permeability on addition
of the bismuth complex (Maliha et al. 2019). Inter-
estingly herein, the addition of bismuth complex
decreases the transmission rate. The large bismuth
complex particles seem to fill in the pores when
vacuum was applied during sheet formation. The
WVTR of a common packaging material, low density
polyethylene, has been reported to be in the range of
16-23 g/m*.day (Rodionova et al. 2011). The WVTR
of cellulose nanofibers (CNF) and acylated CNF has
been reported to be 234 g/m*.day and 167 g/m>.day
respectively (Nair et al. 2014). For a packaging appli-
cation, a low WVTR is desired. Thus, based on the
barrier properties, the kraft pulp is a better choice for
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Fig. 9 Mechanical properties from tensile testing for compos-
ite films from bleached eucalyptus kraft pulp (BEK), bleached
(BPK) and unbleached (UPK) radiata pine kraft pulp and
bleached (BTMP) and unbleached (UTMP) radiata pine ther-
momechanical pulp with and without bismuth complex loading
expressed as an average tensile index (A) and Young modulus
(B). Error bars represent 95% confidence interval

preparation of bismuth complex loaded packaging
material.

Mechanical properties

The mechanical properties of the films from differ-
ent pulps with and without the bismuth complex
are shown in Fig. 9. The films from the kraft pulp
have significantly higher tensile index and thus are
stronger than the films from the thermomechani-
cal pulp. Unrefined BEK has a tensile index of 30
Nm/g (Ang et al. 2019) which has been improved
to 78 +8 Nm/g. The mechanical properties were
reported to be independent of the lignin content
up to 14% lignin by Rojo et al. (Rojo et al. 2015),
which explains the similar mechanical properties
of BPK and UPK. Beyond that level, high lignin
content interferes significantly with the bonding

between fibres. Mechanical treatment results in low
strength pulp nonetheless (Biermann 1996), result-
ing in weaker films. The presence of large amounts
of lignin in TMP limits the extent of fibrillation,
resulting in larger fibre diameter and thereby weak
films (Spence et al. 2010). The addition of the bis-
muth complex does not have any detrimental effect
on the tensile index of the films. However, the
Young Modulus decreases implying that the films
become slightly more elastic when the bismuth
complex is present.

Conclusion

This paper optimises the most suitable type of ligno-
cellulosic matrix for active packaging applications.
The performance of the composite material is deter-
mined by two controlling factors, the interaction of
the bismuth complex with the matrix phase and the
physical dimensions of the fibres. While the leach-
ing properties and the antibacterial activity is directly
related to the bonding between the bismuth complex
and the carrier matrix, the mechanical and barrier
properties are linked to the extent of fibrillation. The
weak interaction of the complex with the hydrophilic
matrix in the bleached kraft pulp composites makes
it more available to be released and kill the bacteria
in the surrounding environment. The kraft pulps are
most easily fibrillated and so produced the lowest
diameter fibres, when refined to the same extent. This
results in a more compact structure with strong hydro-
gen bond, resulting in lower water vapor transmission
rate and high tensile strength (20-91 g/m’.day and
59-78 Nm/g respectively) compared to the TMP ones
(153-261 g/m’.day and 35-43 Nm/g respectively).
Thus, the bleached kraft pulp appears to be a great
choice in terms of barrier performance, mechanical
properties, and antibacterial properties. Hardwood or
softwood does not make a significant difference in the
composite properties for packaging applications. The
presence of the bismuth complex improves the barrier
performance and does not have any significant detri-
mental effect on the tensile index. Thus, the bismuth
complex can be used as the antibacterial agent in
such lignocellulosic active packaging material. This
paper provides a good understanding of the material
performance using the different kinds of pulp that is
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available in the paper mills to help choose the best
carrier matrix for the complex to translate the active
packaging material production in paper mills.
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