Cellulose (2021) 28:6663-6678
https://doi.org/10.1007/s10570-021-03915-6

)

Check for
updates

ORIGINAL RESEARCH

Screen-printing of microfibrillated cellulose for an improved
moisture management, strength and abrasion resistant
properties of flame-resistant fabrics

Vanja Kokol
Polona Dobnik-Dubrovski

+ Vera Vivod - Zdenka Persin - Taina Kamppuri -

Received: 3 December 2020/ Accepted: 4 May 2021/ Published online: 19 May 2021

© The Author(s) 2021

Abstract Low moisture absorbency of hydrophobi-
cally coated flame-resistant (FR) fabrics do not
correlate well with the thermophysiological comfort.
In this frame, we were the first to study the effect of
screen-printed microfibrillated cellulose (MFC) on
fabric’s breathability and moisture build-up and
transfer as user-friendly and wear-related comfort-
able coating. The amount of MFC applied and its
patterning was varied using different printing param-
eters, the density and thickness of FR fabric, and
studied by add-on measurement and microscopic
imaging. The effect of MFC coating and its durability
(attachment) after a post-printing of hydrophobic
polyacrylate on the same (layer-by-layer) or other
side of the fabrics was considered, thus to maintain
one side of the fabric (facing towards the wearer)
hydrophilic while keeping the other side (facing
outward) hydrophobic. The results showed that MFC
provides uniform and repeatable printing, which gave
homogeneous patterning with good layering on the
fabrics, although, resulting in the MFC concentration,
squeegee’ pressure, and fabric’ structure dependent
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add-on, its imprinting and co-crosslinking within the
polyacrylate. This slightly reduced the fabric air-
permeability, but increased it surfaces wetting, mois-
ture uptake kinetic and capacity (hydroscopicity),
without affecting the water vapour transfer. Besides,
the polyacrylate could fix the MFC pre-printed on the
other side of the fabric, thus maintaining its
hydrophilicity, being more pronounced in the case of
less open and thicker fabric, while improving its
tensile/tear strengths and abrasion resistance, without
deterioration of the fabric‘s flammability.

Keywords Microfibrillated cellulose - Screen
printing - Fabric structure - Moisture management -
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Introduction

A lot of innovations in the development of heat-
resistant and flame-protective textiles, used for fire-
fighters, military and space personnel, and other
foundry and industrial workers, have been carried
out over the last decade, and they will continue in the
near future as a fast-growing segment to meet the
requirements of new high-end functions for cutting-
edge applications, such as intelligent and wearable
self-powering technologies (Stoppa and Chiolerio,
2014; Zeng et al. 2014). In the process of accomplish-
ing both of the above protection requirements, such a
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garment should, namely, provide, good thermophys-
iological comfort during wearing, when the body
temperature rises and the wearer becomes wet by
sweating (Zhu et al. 2017a and b). While the
disadvantage of using the majority of flame-resistant
(FR) synthetic fibres used in this area of applications
(as aramids and acrylates) is associated with low
moisture absorbency, which does not correlate well
with the comfort (Havenetih et al. 2003), the blends
with cotton or Lenzing FR® viscose (containing FR
phosphorous/sulphur additives) fibres possessing high
sorption properties are used in the fabric construction
to achieve both functionality and comfort (Grgac et al.
2017). However, such functional fabrics should also
be breathable and waterproof, to prevent liquid
moisture from outside passing through, but allow
moisture vapour to transfer from inside, thus providing
thermal comfort properties. At high activity, heat is,
namely, released from the body via liquid moisture
(sweat), which should not spread on the inner surface
of the garment as it can cause discomfort, but rarely
absorbed by the fabric, and transferred to the outer
face as fast as possible. Numerous studies have been
performed using chemical and physical treatments,
which can enhance some of these properties, but may
impact adversely on other things, such as the fabric’s
rigidity and air permeability. Bifacial hybrid fabrics
have thus been introduced recently, showing greater
and faster moisture transfer properties (Zhu et al.
2017a) with better heat transfer (Zhu et al. 2017b), as
well as an improved strength and abrasion resistance
(Zhu et al. 2018).

Nanotechnology plays a very important role in the
developing of novel highly-functional and protective
textiles by providing flexibility, stretchability, perme-
ability, lightweight and durability to the fabrics, with
significantly increased levels of functionality/protec-
tion and improved comfort (Krifa and Prichard, 2020).
This trend also goes in the direction of environment
and user friendly products, which, however, are still
challenging and difficult to achieve.

Nano- and Microfibrillated Cellulose (NMC), a
biodegradable, low cost, and lightweight nanomaterial
(Jonoobi et al. 2015; Klemm et al. 2018; Zeng et al.
2020) produced from renewable resources, is also a
promising nanomaterial for this segment of applica-
tions. The usage of NMC has been expanded from
production of packaging, paper and board, up to
flexible films, acting as thermal insulators, or new
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functional materials applied in electronics (Abitbol
et al. 2016), energy storage (Wang et al. 2020),
electromagnetic interference shielding (Zeng et al.
2020), solar cells (Du et al. 2017), (photo)catalysis
(Kaushik and Moores 2016) etc. These possibilities of
NMC are related to its significant physical and
chemical properties, above all, high crystallinity, low
density, extraordinary mechanical properties and
nanoscale dimension, that give high surface area
(Klemm et al. 2018) with huge amounts of hydroxyl (-
OH) groups available for hydrogen bonding. In
addition, the NMC has also been used as a strength-
ening additive in cement, plastic and paper (Boufi
etal. 2016; Klemm et al. 2018). Moreover, good shear-
thinning behaviour (Hubbe et al. 2017) of NMC with
fast viscosity recovery after pseudoplastic deforma-
tion, has also intensified its usage as a rheology
modifier in coatings (Klemm et al. 2018; Hoeng et al.
2017); such behaviour has been explained by the
interactions between the fibrils and fibril flocs (Kopo-
nen 2020) of NMC, that may also serve to enhance the
cohesion between the integrated functional particles
(El Baradai et al. 2016).

There are still rare studies performed on using
NMC as a functional entity in textile finishing.
Cellulose nanocrystals (CNC) were applied by the
pad-dry-cure method, to improve the absorbency and
to enhance the colour strength of polyester fabric dyed
with direct dyes (Chattopadhyay and Patel 2016).
CNC were also used to reinforce the polypyrrole/
FeCl; coated cotton without affecting its conductivity
(Hebeish et al. 2016), and to protect it from the
influence of a high-energy electron beam (Hebeish
et al. 2018). Bacterial nanocellulose (BC) was used to
restore historic silk fabrics by reinforcement and
improved protection against ultraviolet and ozone
ageing (Wu et al. 2012). Cellulose fabrics were
finished with allicin-conjugated nanocellulose to cre-
ate durable antibacterial properties (Jafary et al. 2015).

In the present study, the microfibrillated cellulose
(MFC) was used as a user-friendly and wear-related
comfortable thin-layer and pattern-structure coating
on FR-protective fabrics to improve their thermo-
physiological comfort (i.e. the moisture build-up,
without affecting moisture transfer and breathability)
after a hydrophobic finishing. Such an effect of MFC
was expected, due to both its structured coating, as
well as high moisture adsorption ability (Minelli et al.
2010) and good oxygen permeability in the presence
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of moisture (Belbekhouche et al. 2011; Aulin et al.
2010). For that purpose, the MFC was screen-printed
on the fabric surface, followed by the printing of a
hydrophobic polyacrylate (PA), using different pres-
sure of the squeegee and different printing strategies
(i.e. to print MFC on the same, or other side of the
fabric as the PA). The influence of fabric thickness and
structure (openness) on the coatings‘ add-on, penetra-
tion, moisture vapour transport and wetting properties
were considered, as well as strength and abrasion
resistance.

Experimental
Materials

Two woven flame-resistant (FR) fabrics with different
constructions (Table 1) were used as provided by
Tekstina Ltd (Slovenia). The fabrics were constructed
as two-wefts woven fabrics (1/3 broken twill in the
front weave, and 2/2 zigzag twill in the back weave)
made from spun yarns (a mixture of modacryl vs. meta
aramid and FR Lenzing viscose in a ratio of 40/37 vs.
34/34, respectively) in both weft (which predominates
on the back side of the fabric; i.e. the face that looks
outward while wearing) and warp directions, and
viscous filaments (22% vs. 32%) which also appear in
the weft direction, and predominate on the front side of
the fabrics (i.e. the face that looks towards the wearer).

Commercially available microfibrillated cellulose
(MFC) Exilva F-O1-L consisting of approximately
22-50 pum long and up to 100 nm wide fibrils was
provided by Borregaard AS, Norway. Analytical grade
(Sigma Aldrich, Germany) hydroxyethyl cellulose
(HEC, no. 308633) of 380.000 molecular weight

(given viscosity of 300400 mPas at 2 wt%) was used
as a water-retention additive.

Preparation of MFC dispersions and acrylate-
based paste

The 1 wt% and 1.5 wt% of MFC-based printing
dispersions (viscosity of 17 4= 2 dPa s and 46 + 3 dPa,
respectively,), were prepared by mixing the desired
amount of water-dispersed MFC and pre-dissolved
HEC, acting as a water retention additive. In the final
printing dispersions, the concentration of HEC was 5
w/w% from the dry weight of MFC.

The acrylate water-based synthetic printing paste
(AP, pH of 8-8.5), consisting of 133.3 g/kg polyacry-
late self-crosslinking binder (Tubifast AS 30), 1.67 g/
kg ammonium water, 2.5 g/kg polymeric silicone as an
antifoam (CHT entschaumer BSN), 20 g/kg melamine
resin (Tubigat WAF 20), 18 g/kg ammonium salt of
polymeric carboxylic acids as a thickener (Tubivis
DRL 600), acrylic-acid as a rheology additive (Tubi-
gat R 130), all commercial products of CHT Bezema,
Germany, adjusted to the viscosity of 105 £ 5 dPa s by
the addition of destilled water, was prepared by
Tekstina Ltd (Slovenia).

Both MFC-based dispersions and acrylate pastes
were evaluated for rotation viscosity using a Haake
rotational Viscotester V2 (Thermo Scientific, USA).

Water-retention properties of MFC dispersions

The water release was measured with an AA-GWR
(Abo Akademi Gravimetric Water Retention Device,
GRADEK) (Sandas et al. 1989, Tappi Journal 72/12).
Before the measurement, the samples were diluted
with water to a total solids content of 0.2 wt%. A

Table 1 The constructional parameters of the used woven FR fabrics

Fabric  Composition Fabric mass  Fabric density Yarn‘s Fabric Cover factor
(g/mz) ISO (threads/cm) EN  fineness (tex) thickness (macro-
3801 1049-2 ISO 7211-5 (mm) ISO porosity) (%)
9237
URIM- 40% modacryl, 37% FR Lenzing 180 4+ 1.8 Warp: 37 Warp: 25 0.409 £ 0.04 76.5
CN viscose, 22% viscose, 1% Weft: 50 Weft: 25
antistatic fibre
ANGE  34% meta aramid, 34% FR 145 £ 14 Warp: 36 Warp: 20 0.332 £ 0.02 70.1
Lenzing viscose, 32% viscose Weft: 51 Weft: 20
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known amount of the diluted sample (3 g) was filtrated
through the membrane filter (nominal pore size 5 pm)
for 30 s with 0.5 bar pressure, and released water was
collected and weighed. The results, the amount of
released water from the amount of the sample (g/g),
are given as an average of three measurements, and
being recalculated in the percentage.

Surface tension properties of MFC dispersions
and acrylate-based paste

The surface tension properties of both differently
prepared MFC dispersions and acrylate-based paste
were determined using a platinum Wilhelmy plate on a
tensiometer (Kriiss GmbH, Germany). The tested
liquid (75 mL) in the vessel was placed in a movable
table under the Wilhelmy plate. The plate was
suspended vertically 6 mm into the tested liquid, due
to the relative high viscosity of the dispersions. The
surface tension (y) correlates to the force (F) measured
when the plate is pulled out, and was calculated by the
Wilhelmy equation (y = F/( - cos¢g), where [ is the
wetted perimeter (2w + 2d), w is the plate width, d is
the plate thickness, and ¢ is the Contact Angle
between the liquid and the platinum plate). The
average values were calculated from at least four
individual measurements.

Zeta potential of MFC dispersion and textile
fabrics* surfaces

The zeta potential (ZP) of Milli-Q water dispersed
0.01 wt% MFC suspension was carried out on a
Zetasizer (Nano ZS ZEN360, Malvern Instruments
Ltd.,, UK) at 25 £ 0.1 °C, using the DTS1070
disposable folded capillary cell. The refractive index
of 1.47 (cellulose), dispersion refractive index of 1.33
(milliQ), and viscosity of 0.8872 cP were used. A field
of 150 V was applied across the nominal electrode
spacing of 16 mm. The samples were measured over a
pH range from 3 to 11, being adjusted using 0.1 M
NaOH and 0.1 M HCI, respectively.

The Zeta Potential of the fabric surfaces was
determined by measurement of the streaming current
(SurPASS instrument, Anton Paar, Austria), using an
Adjustable Gap Cell. In the cell, a single streaming
channel is created between two samples with a flat
surface, and the liquid streams along the sample
surface (Grgac et al. 2017). A streaming current is
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generated when an electrolyte solution (I mM KCl) is
forced, by means of hydraulic pressure, to flow across
a channel formed by two samples. The pH dependence
of the Zeta Potential was determined in the range of
pH 2.5-9. The pH of the aqueous solution was
adjusted with 0.1 mol/L NaOH to pH 9, and was
changed automatically by adding 0.1 mol/L HCI.

Screen-printing procedures

The printing was performed on a Zimmer laboratory
screen printing machine using a nickel-based rotary
screen (SPG Prints B.V., Netherlands, former Stork)
of 80 mesh size, 12% open area, 111 pm of holes
diameter, and 87 um of screen plate thickness, and
steel-rod type squeegee of 15 mm in diameter, which
was pushing the printing dispersion through the screen
at a relevant pressure (magnet adjustable to no. 2 or 6)
and rotating the screen at a relevant speed (manual
setting, stage 5 ~ 6 m/min). The prints were performed
as two-layer printings applied in two separate steps 1)
On the same, technical back side of the fabric (the side
that looks outward while wearing), where the MFC-
based dispersion was printed first, followed by print-
ing of AP, or ii) On a different side of the fabric where
the MFC was applied, on the technical front side (the
side that looks towards the wearer), followed by AP on
the back side, using the same printing sequence. After
each printing step, the fabrics were dried at 100 °C for
3 min, using a laboratory heated air-circulation unit
(Werner Mathis AG, Switzerland), and finally cured at
170 °C for 2 min to fix the AP coating using the same
equipment unit.

Fabrics® washing and drying

The FR-fabrics were laundry washed (1x) according to
the ISO 6330:2000 Standard in a domestic washing
machine, Gorenje SensorCare model W8665K (MIX/
Sintetic normal at 60 °C, centrifuge 1000 rpm) using
detergent IEC BASE A (without bleaching agents; 66
g/ 2 kg), and dried at low temperature (one dot) in a
domestic drying machine, Gorenje SensoCare model
D82426.
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Fabric analysis

All the fabrics were conditioned at standard conditions
(21 + 2°C and 65 + 5% of relative humidity) prior to
testing.

Fabric weight was measured and mass/area (g/m°)
was calculated for each sample, and the add-on
percentage was assessed by using the following
equation: Add-on (%) = (m. — m;)/m; x 100, where
m,. and m; are weights of the sample before and after
the treatment, respectively; up to three measurements
for each sample were assessed and the average value
was reported.

The fabric’s surface hydrophilicity and absorbency
(ASTM D 5725-99) was assessed by measuring the
fabric’s Contact Angle / CA values using 3 mL drop of
milliQ water (surface tension of 70 mN/m) on the
goniometer (Dataphysics, Germany, OCA 35 model),
as well as the time of the milliQ drop staying on the
fabric’s surface (to soak into it). The wetting proper-
ties of selected samples were determined according to
the capillary rise method, using the Tensiometer K12
(Kriiss, GmbH Germany) and a special sample holder
with 1 g of sample. A glass vessel, filled with 75 mL of
milliQ water as the wetting liquid, was placed into the
moving table, which rose until the tested liquid
touched the lower edge of the sample holder. The
software (Kruss, version 2.5.0.2305, LabDesk User
Interface) monitored the increase in mass of the
sample cylinder with respect to the capillary action
and the time during the measurement. The obtained
slopes of weight gained due to the milliQ water
penetration as a function of time, presents the sample’s
absorbency rate, while the amount of test liquid uptake
(g milliQ/g) in equilibrium expressed their absorbent
capacities. The measurements were performed at least
five times for each selected sample, in order to obtain
statistically significant results.

Scanning Electron Microscope (SEM) imaging of
the selected fabric surfaces were performed to eval-
uate the print surface structuring and durability using a
low-vacuum microscope (FEI Quanta 200 3D,
Thermo Fisher Scientific Inc., USA).

Tensile (ISO 13,934-1) and tear strength (ISO
13,937-2) tests were carried out using a Tinius Olsen
testing machine HI0KT (Tinius Olsen Ltd., Redhill,
United Kingdom) with a 1kN load cell. Five samples
(250 & 2 mm x 50 £ 1 mm) from both the warp and
the weft directions of preconditioned fabrics were

taken randomly from the fabric for tensile testing, and
then the maximum breaking force was detected for all
samples, and, finally, the average value was calcu-
lated, expressed in N. In the case of tear testing, five
samples were first cut from the preconditioned fabric
in both warp and weft directions, with the dimensions
of 200 = 2 mm x 50 = 1 mm. Then a longitudinal
slit of 100 £ 1 mm was made in the length beginning
from the centre of the width for all samples, and a mark
of 25 £ 1 mm from the uncut end of the strip, to
indicate the position of the tear at the completion of the
test. The average value of tear peaks was detected
electronically, expressed in N. The strength/tear
testing was performed at a gauge length of 200/100
mm, constant rate of extension of 100 mm/min, and
preloading of 2 /0 N.

The air permeability (DIN 53,887 / ISO 9237; Karl
Schroeder KG, Materialprufmaschine D-6940, Ger-
many) and water vapour resistance / WVR (ISO
11,092:2014; KES-F7 Thermo Labo II, Kato Tech Co-
Ltd., Japan) were analysed according to the relevant
Standards; the results are given as the mean values of
up to ten measurements for each sample.

Abrasion resistance of the front sides of fabrics was
evaluated according to ISO 12,947-2 using a Martin-
dale M235 Abrasion and Pilling Tester (SDL Atlas
Textile Testing Solution, China) with a specimen
diameter of 38 mm and a pressure of 12 kPa. The
weight before and after specified cycles of abrasion
were measured, and the weight loss was calculated and
reported as a percentage of the weight before the
abrasion (ISO 12,947-3). The weight loss and cycles
were determined at the tearing of a min. of two threads
and at the breakdown. At least 4 measurements for
each selected sample were performed to obtain
statistically significant results.

The flame-resistance of the front sides of fabrics
was evaluated according to ISO 15,025 by monitoring
the ease of ignition of vertically oriented samples
placed in a rectangular frame and exposed for 10 s in
contact with a flame situated perpendicularly to the
sample surface. If the samples ignited, the ignition
time was recorded, and then the mean value of the
ignition time of five testings were determined.
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Results and Discussion

The effect of MFC printability on different fabric’
surfaces

The screen printing trials indicated that both 1wt% and
1.5wt% MFC dispersions (containing 5 w/w% of
HEC) transferred smoothly through the screens,
provided uniform and repeatable printing of MFC
without blocking the pores. This might be related to
both high enough viscosity and yield stress of MFC
dispersions, despite the relatively low solid contents
(Nazari et al. 2016), as well as the addition of HEC,
acting as a water retention additive and dispersant by
keeping the fibrils disentangled (Kumar et al. 2016).
However, the impact of FR fabric properties, such as
surface chemistry and structure, may also have an
important issue (Kumar et al. 2017) by influencing
both MFC as well as acrylate-based paste (AP)
adhesion and, thus, also layering and pattern stability
after removal of the screen. The zeta potential (ZP) of
the fabric surfaces, as well as surface-free tension
(SFT) energies of printing dispersions have thus been
evaluated in order to verify these characteristics.

As seen from Fig. 1, both fabric surfaces have
overall negative zeta potential (ZP) at pH neutral
conditions (Fig. la;atpH ~ 6.9: ZPyrmm.on =~ -19.73
mV, ZPange = — 25.6 mV), being supported with
their good wetting properties. On the other hand, MFC
dispersions possess high-enough surface-free tension
(SFT) energies (= 71 £ 1.5 mN/m) and good water-
retention properties (=~ 64.2%) (Fig. 1b). This shell
influenced the predominant dispersive interactions
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(Van-der-waals forces and/or hydrogen bridges)
between the viscose fibres and MFC, where some
ionic repulsons could also be present due to the
negatively charged MFC (ZPypc =~ — 28.6 mV) that
should have kept the cellulose microfibrils physically
consistent, but also well adhered to the fabric surface.
The significant differentiation of the water interfacial
surface charges of the viscose fibres (contains acidic
functional groups such as hydroxylic and carboxylic)
against chemically-inert modacryl and aramide with
smother surfaces, also enables them to form hydropho-
bic interactions. Such a viscose-modacryl/aramid
blend is, thus, expected to ensure good adhesion,
homogeneous layering and comparatively stable pat-
terning of both MFC (interacting primarily with the
highly hydrophilic viscose) and polyacrylate (AP with
SFT =~ 129.76 £+ 1.5 mN/m, interacting primarily
with the synthetic fibres) applied in the 2nd printing
step and their chemical crosslinking during curing.
The patterning, layering and imprinting of MFC
dispersions on fabric’ surfaces, depending on the
printing strategy (MFC printing on the back or front
side of the fabric followed by AP applied on the back
side), and their durability (attachment) after printing
of a polyacrylate (AP), have been studied by SEM
imaging. As presented in Fig. 2, the AP pastes were
distributed equally as around 100 um large spherical
patterns on both fabric surfaces (back sides of Ref-AP)
and the yarns are seen clearly and appear smooth and
regular; some spots can also be observed on the
fabrics* front sides, indicating possible penetration of
AP through them. The printing of MFC as the first
layer (under the AP) doesn’t change the pattern‘s
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Fig. 1 a Zeta potential (ZP) values of FR-fabric surfaces (back-sides), and b Surface tension, rotational viscosity and water retention
capacity of 1-1.5 wt% MFC based dispersions (with/without addition of Sw/w% HEC) and acrylate-based paste (AP) used for printing
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Fig. 2 SEM images of
differently printed fabrics
using (1 wt%) MFC
dispersions and higher (no.
6) pressure of the squeegee,
performed at 100 x and
200x (inserted images)
magnifications. Ref-AP:
Fabric printed with AP on
the back side. MFC-AP:
Fabric printed with MFC
followed by AP, both on the
back side. MFC*-AP: Fabric
printed with MFC on the
front side followed by AP
printed on the back side
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distribution and homogeneity, but shows clearly the
presence of MFC, while giving a similar surface on the
unprinted (front) side. This means that, in the printing
process, some amount of PA paste may still be pushed
through the fabric to the other side, and the MFC was
co-crosslinked permanently within the subsequently
printed polyacrylate coating. When MFC was printed
on the front side of the fabrics, followed by the AP on
the back side (MFC*-AP), the presence of MFC can
also be visualised, while the yarns looks more glued
together at certain areas, giving a more inhomoge-
neous surface. Much better penetration of AP through
the thinner fabric with more open structure (ANGE) is
also presumed to ensure better imprinting of MFC and
co-crosslinking with AP within/through the fabric,
independent of the MFC printing (on the same/back
side as AP, or on the other/front side). On the other
hand, in the case of thicker and less open URIM-CN
physically larger MFCs look to block the PA pene-
trating, thus giving more surface deposited MFC,
which is relatively well co-crosslinked within the AP
and adhered to the fabric.

The air permeability and add-on percentage of
differently treated fabrics have also been determined,
to assess the effect of the MFC concentration and
pressure of the squeegee on the printing ‘s efficacy and
durability (adhesion/attachment). A significant reduc-
tion (22.2% and 19.5%) of air permeability can be
observed (Fig. 3) for both tested fabrics after printing
of acrylate paste / AP (Ref-AP), which was addition-
ally reduced (up to 28.5% and 48.6%) when MFC was
applied in the pre-printing step. This effect was more
pronounced by using a highly (1.5 wt%) MFC
concentrated dispersion, lower pressure of the squee-
gee (no. 2) and structurally thinner and more open
fabric structure (ANGE), followed by a higher pres-
sure printing. Although the final content of MFC and
AP on the fabrics after laundry washing could not be
determined, due to the different amounts of AP
applied and their effective crosslinking of AP and,
thus, their varying removal during washing, we can
still draw certain conclusions based on the total add-on
values. The results indicate that although more
superficial coated MFC (in the case of URIM-CN)
might be better available for the co-crosslinking with
the subsequent AP deposition, it migh affect the AP
crosslinking more, and its adhesion with the fabric due
to the hydrophilic nature of MFC acting on the
interface, and thus resulting in around 2.2% reduced
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add-on values as compared to the references (Ref-AP).
On the other hand, in the case of more into the fabric
imprinted MFC (ANGE) it might even increase it up to
around 1.2%, regardless of which side of the fabric the
MFC was applied. In addition, as there was almost no
difference between the air permeability values where
the MFC is pre-printed on the same side as the AP or
on the other side of the fabrics, it can be concluded that
the penetration of AP through the fabric can co-
crosslink the MFC printed on the other side, however,
add-on values of which depend again on the fabric
structure. Furthermore, as the air-permeability in the
case of ANGE was additionally reduced by applying
higher (1.5 wt%) MFC concentration, independent of
the pressure of the squeegee, it may also be speculated
that the MFC may got stuck and crosslinked more
easily by AP in the internal structure of thinner and
more open ANGE, while, in the case of thicker and
less open URIM, it remained predominantly on the
fabric outer surface, and blocked its further penetra-
tion through it, thus reducing the add-on.

The effect of MFC printing on fabrics* water
vapour resistance (WVR), surface wetting
and moisture adsorption ability

A high degree of water vapour permeability is related
to the water vapour transfer from the skin through the
fabrics into the environment, depends in particular on
the water surface diffusion along the fibers, its
sorption—desorption ability, and forced convection
(air flow between the skin and the fabric) phenomena.
As the vapour moisture is transferred also through the
inter-yarn and inter-fiber spaces of the fabrics, the
fabric thickness and construction is also important. If
the resistance to water vapour diffusion is high, the
evaporation is low and the moisture movement is
impeded.

From the air permeability test it has been observed
that the fabrics® air permeability is reduced by
applying AP, and, in addition, by MFC, which
indicates that the fabrics* porosity is generally reduced
by the treatments. However, the differences in the
WVR, although very small, and wettability of the
fabrics do not follow the same pattern, which can be
explained by different moisture vapour transmission
mechanisms being associated with different diffusion
and sorption—desorption process.
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Fig. 3 The effect of MFC printing (back or front* side) and squeegee pressure (nos. 2 and 6), followed by acrylate paste (AP) post-
printing (back side), on fabrics‘ add-on values, air permeability and water vapour resistance

A thinner and more open ANGE, that contains
water vapour (half-less) resistance meta-aramid fibres
as compared to the modacrylic-based and less open
URIM-CN (Varga et al. 2011), while the WVR of
Lenzing viscose FR is much higher due its high
sorption capacity, ANGE’s WVR is generally lower
(~6.3 Pa m*W), and almost independent on the
printing procedure (~6.5 Pa m*W) (Fig. 3); a small
increase of the WVR could be observed for samples
printed with 1.5 wt% MFC on the fabric front side—
the side on which the WVR measurement was

performed, which might be related to a higher
adsorption ability of water vapour on this side. On
the other hand, in the case of URIM-CN, the WVR was
slightly reduced, from ~6.94 (Ref-AP) to ~6.69 Pa
m*/W (pressure no. 2) and from ~7.07 (Ref-AP) to
~6.98 Pa m%/W (pressure no. 6) by printing 1 wt%
MEC on the same side as AP, which might be due to a
less dense or thinner and less homogenously dis-
tributed AP coating, associated with the co-crosslink-
ing of MFC, as discussed above in the previous
Section, being supported by lower add-on value. Such
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a conclusion may also be supported by the fact that
WVR was again slightly increased (to ~6.78 m*/W
and ~7.13 m*W by using pressure no. 2 and 6,
respectively) when being printed on the other, front
side of the fabric.

As the moisture absorption capacities of the fibres
(hygroscopicity) as well as their surface properties
(hydrophilicity or hydrophobicity) are determining the
surface wetting (moisture build-up) and capillary
transport capacity (wicking effect), being considered
as the most important parameters for absorption and
transportation of a liquid through the fabric, the
fabrics® surface wettability were evaluated on both
sides of the fabric surfaces by measuring the Contact
Angle / CA of a milliQ water drop in the moment of
the contact and the time it stayed. Although the CA
measurement is straightforward for solid material with
a planar surface, and the analysis of fabrics is made
complicated by the shape of fibres and relatively
porous structure of fabrics, it can, however, be used to
determine the conditions at the textile interface after
coatings. As expected, and it can be seen from Fig. 4,
both types of fabrics were fully hydrophilic; it was not
possible to measure the CA values, as the water
droplets penetrated immediately into the fabrics on
both sides. However, the printing of polyacrylate (AP)
on the back-sides turned both fabrics into entirely
(both-sides) hydrophobic (CA > 100°), among which
ANGE can be classified as superhydrophobic, due to a
CA > 145° (Zha et al. 2014), indicating that the AP
can spread and diffuse more easily into this type of
fabric and penetrate through it, thus covering both
sides of the fabric surfaces entirely. It can also be
observed that the time of a drop to stay on the surface
is much shorter on fabric’s front sides (< 100 s)
compared to their back sides (> 300 s), which
indicated that the AP coating was thicker and more
homogenously applied / crosslinked on the side of its
application. However, when MFC was printed on the
fabric under the AP, the fabric CA slightly reduced
(from ~130° to ~118°) and the drop penetrated into
the fabric in a few seconds on both sides of the fabrics;
this effect being more pronounced in the case of less
open URIM-CN and using higher pressure of the
squeegee. On the other hand, when the MFC was
applied on the other, front side of the fabric (MFC*), it
kept it entirely hydrophilic (CA could not be mea-
sured) while preserving the back-side as hydrophobic
(=~124°) and slower to wet (150-270 s); the effect

@ Springer

being more pronounced in the case of using lower
pressure (No. 2) of the squeegee. This indicated again
that MFC restricts the penetration of AP through less
open URIM-CN fabric, being influenced by the
thickness and pattern density of the printed MFC,
which, in turn, had an effect on AP spreading,
penetration, and, thus, polymerisation and co-
crosslinking with the MFC, thus keeping the fabric
front side hydroscopic with fast water uptake. The
residual content of HEC (not removed during fabric
washing), used as an MFC water retention additive in
printing, although negligible (less than 5% w/w of
MFC), may also contributed to the kinetics and
capacity of water adsorption. However, as the WVT
of such a treated fabric was not changed (Fig. 3), when
compared to the Ref-AP, it can be assumed that such a
MFC coating does not affect the diffusivity of
adsorbed moisture through the fabric, and, as such
has an increased moisture transfer through the sorp-
tion—desorption process. In the case of ANGE, this
observation was insignificant due to the much more
open structure and thinner fabric and phenomena of
MFC and AP imprinting, as discussed above.

The water uptake kinetic and capacity measure-
ments (Fig. 5) for differently printed URIM-CN,
correlated well with these results, exhibiting a corre-
sponding dependency on the fabrics® treatment. The
absorbency curve of the sample printed with 1.5 wt%
MEFC under the AP showed the fastest absorbency rate
(indicated by the steeper curve), meaning that this
sample needed the shortest period for establishing the
equilibrium (i.e. 44 s) compared to the other samples
(66-100 s), while the amount of absorbed milliQ in
equilibrium was similar (=200%) compared to the
sample printed only with AP. This is an important
finding, as the rapidity or rates in moisture absorbency
can influence the fabric thermophysiological comfort
greatly, while not increasing its overall hydrophilicity
(water capacity adsorption), which may also have an
adverse effect on the fabric’s liquid moisture trans-
mission behaviour, i.e. too high hydrophilic propor-
tion will absorb the sweat from the skin more quickly,
leaving it dry, but reduced liquid spreading, which
may accumulate the moisture in the clothing causing a
damp and sticky feeling. A small and patterned
amount of MFC applied may thus act for quick
absorption of the moisture from the skin, while the
synthetic fibres and paternally-applied hydrophobic
AP will help to transfer the absorbed liquid to the outer
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surface of the fabric, due to their high wicking
property.

The effect of MFC printing on fabrics‘ tensile
and tear strength

The results of tensile and tear testing are presented in
Fig. 6. It is clear that the reference fabrics have lower
tensile strength in the warp direction in comparison
with the weft direction, due to the fabric construction.
Namely, the fabrics have two weft systems and, thus,
much higher weft density (around 50 threads/cm) in
comparison with warp density (around 36.5 threads/
cm).

The results also show that printing the URIM-CN
with AP improves fabrics’ tensile strength in both
directions, by around 12-14% in the warp and up to
6.7% in the weft, while additional pre-printing of MFC
gives an insignificant effect, independent of the side of
its application; a small increase of tensile strength can
be observed only in the case of the MFC-AP sample
and by using higher (No. 6) squeegee pressure, which
may be related to a small imprinting of coatings into
the fabric structure. In the case of ANGE fabric, the
tensile strength was slightly improved (up to 6.8%)
only in the weft direction when using lower (1 wt%)
MEC concentration, independent of its application (on
the back or front*side), which is in good agreement
with previous discussions (add-on values). While the
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ANGE fabric is made of yarns of 20 tex and has around
the same warp/weft densities as URIM-CN fabric
(with yarn fineness of 25 tex), it has a lower cover
factor (70.1%), e.g. less fabric area is fulfilled with the
yarns and, consequently, less yarn surface area is
available for printing per fabric unit area. The fabric is
woven in a two-weft weave, and both sides of the
fabric have predominant weft threads with applied
MFC and AP layers, which can withstand higher
tensile force in comparison with warp threads, which
are rarely visible at both sides of the fabric (being
supported by SEM images).

Due to their two-wefts construction, fabrics show
lower tear strength of warp threads in comparison with
weft threads; i.e. the lower density of warp threads
offers lower resistance against tear propagation.
However, in the case of URIM-CN with higher cover
factor, a slightly improved (11%) of warp tear strength
can be noticed when AP is applied to the fabric by
surface printing (squeegee pressure No. 2). On the
other hand, a slight increase (8.8%) of weft tear
strength was detected only when MFC was pre-printed
under the AP, while the warp tear strength was
reduced, as compared to the reference fabric (un-
treated fabric). In the case of using higher squeegee
pressure (No. 6), all the printing procedures changed
the original structure (i.e. spread out the yarns) of the
fabric slightly, and thus reduced the weft tear
strengths. Conversely, in the case of more open and
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Fig. 6 The effect of MFC printing (back or front* side) and squeegee pressure (nos. 2 and 6), followed by acrylate paste (AP) post-
printing (back side), on the tensile and tear strength properties of fabrics
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Fig. 7 The effect of MFC printing (back or front side*), followed by acrylate paste (AP) post-printing (back side), on the abrasion

resistance properties of the front sides of the fabrics

thinner ANGE fabric, an obvious (24-16.4%) reduc-
tion of weft tear strength could be noticed after
applying AP, being more significant by using lower
pressure of the squeegee, and being additionally
reduced (up to 24.8%) by also applying MCF under
the AP; the warp tear strength remained almost the
same as in the case of untreated samples. Such a fabric
structure allows the weft threads (which predominate
on the front/back sides) to move apart from each other
because of the imprinted MFC (as seen from SEM
images), thus giving lower resistance to tear
propagation.

It is obvious that the type of woven structure plays
an important role in the efficacy of printing, where the
weft-directed threads (made of the blends of

hydrophobic meta-aramide/acrylic fibres and FR vis-
cose) are more exposed to the printing rather than warp
threads (also containing hydrophilic viscose fibres on
the front side). Such a structure, as well as the cover
factor, both dictate not only the adhesion of the fibres
but also the MFC and AP add-on and their imprinting,
and, consequently, the fabric‘s tensile and tear
strength. The MFC can, thus, be imprinted better into
the ANGE fabric, which slightly improved tensile
strength in both directions and warp tear strength,
while the weft tear strength was reduced as compared
to the original fabric.
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Fig. 8 Flammability testing of 1.5SMFC-AP printed fabric in compliance with EN ISO 15,025

The effect of MFC printing on fabric’s abrasion
resistance

Textile finishing or surface modification can change
the wear or abrasion resistance properties of a fabric
significantly, being an important parameter for pro-
tective clothing, as it might lead to the complete
destruction of the textile during wearing. The abrasion
resistance properties of differently treated fabrics have
been studied on the front side of fabrics, which would
be in contact with the skin during wearing. The weight
loss and cycles were determined at the tearing of a min
of two threads and at the breakdown. As seen from the
results presented in Fig. 7, already the printing of AP
on the back-side improved the abrasion resistance of
both fabrics compared to the non-treated ones, by a
gradual increase of their weight loss percentage,
resulting in a resistance up to around 32,000-34,000
and 41,000 cycles. By applying the 1.5 wt% MFC
under the AP, the breakage of ANGE was additionally
improved to 45,000 cycles, while applying MFC on
the front/tested side improved it further, since the
breakage occurred at 50,000 cycles (ANGE) and at
45,000 cycles for URIM-CN. This means that MFC
also contributed to the resistance of abrasion by
covering the fibres (predominantly viscose) and,
beside the AP, further gluing them together (SEM,
Fig. 2) to withstand higher and long-term applied
stress better. Due to the higher resistance of abrasion,
the mass loss of MFC treated samples was also
kinetically slower by approximately 5% than the other

@ Springer

samples. Higher mass loss means that connections
between fibres are weaker, which is comparative with
the general trend for untreated samples (Ref), resulting
in a rougher surface, due to which higher contact
points at the surface increase the frictional force,
leading to a decrease in the abrasion resistance of
textiles.

The effect of MFC printing on fabric’s flame-
resistance

The front sides of differently coated fabrics were
exposed to the flame according to ISO 15,025 (Fig. 8)
in both warp and weft directions, however, showing no
difference as compared to the reference, ie. no ignition
after contact with the flame for 10 s, thus still
providing high protection.

Conclusion

The microfibrillated cellulose (MFC) was screen-
printed on FR-protective fabrics, followed by the
printing of a hydrophobic polyacrylate using different
pressures of the squeegee and different printing
strategies (i.e. to print MFC on the same or other side
of the fabric as the polyacrylate), thus to improve their
thermophysiological comfort without affecting
breathability and mechanical properties. The coatings*
add-on, penetration, air permeability, moisture vapour
transport and wetting properties were considered, as



Cellulose (2021) 28:6663-6678

6677

well as strength and abrasion resistance. The results
indicated that the fabrics‘ properties were affected
primarily by the coatings‘ add-on and their imprinting
into the fabric (thus influenced by the fabric openness
and thickness, and the pressure of the squeegee), and
secondly on the way of MFC pre-printing, that may
have preserved one side of the fabric as hydrophilic,
while improving its surfaces wetting, moisture uptake
kinetic and capacity, without serious affecting the
water vapour transfer. Improved tensile and warp tear
strengths are confirmed, as well as abrasion resistance.
The coatings had no influence on the flammability of
the textiles. This is the first study showing potential
usage of nanocellulose as a green and user friendly
nanomaterial also in textile coating.
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