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Abstract Water-based or flexographic inks in paper and plas-
tic industries are more environmentally favourable than organ-
ic solvent-based inks. However, their use also creates new
challenges because they remain dissolved in water and alter
the recycling process. Conventional deinking technologies
such as flotation processes do not effectively remove them.
Adsorption, coagulation/flocculation, biological and mem-
brane processes are either expensive or have negative health
impacts, making the development of alternative methods nec-
essary. Cellulose nanofibers (CNF) are biodegradable, and
their structural and mechanical properties are useful for waste-
water treatment. TEMPO-oxidised CNF have been evaluated
for the decolourisation of wastewaters that contained copper
phthalocyanine blue, carbon black and diarlyide yellow pig-
ments. CNF in combination with a cationic polyacrylamide
(cPAM) has also been tested. Jar-test methodology was used
to evaluate the efficiency of the different treatments and
cationic/anionic demand, turbidity and ink concentration in
waters were measured. Results show that dual-component
system for ink removal has a high potential as an alternative
bio-based adsorbent for the removal of water-based inks. In
addition, experiments varying CNF and cPAM concentrations
were performed to optimise the ink-removal process. Ink con-
centration reductions of 100%, 87.5% and 83.3% were
achieved for copper phthalocyanine blue, carbon black and
diarlyide yellow pigments, respectively. Flocculation studies
carried out show the decolourisation mechanism during the
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dual-component treatment of wastewaters containing water-
based inks.
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Introduction

Recycling printing plastic and paper products from industrial
waste streams is gaining importance owing to the demand for
raw materials, environmental concerns, solid waste consider-
ations and circular economy objectives. For environmental
and health reasons, the use of traditional organic ink solvents
has gradually been replaced by water and non-volatile prod-
ucts. Nevertheless, water-based inks can also become an eco-
logical and recycling problem because they remain dissolved
in the process water. Although ink manufacturers have made
efforts to produce deinkability and recyclability inks, new
deinking strategies are still necessary to remove water-based
ink from wastewaters.

In the last years, several studies have been conducted for
inks removal using different treatments. Adsorption is the
most frequent process employed for the treatment of coloured
effluents, using activated carbon (Wu et al. 2001a; Yang and
Al-Duri 2001; Noonpui et al. 2010), resins (Karcher et al.
2002; Greluk and Hubicki 2013), agricultural and wood
wastes (Annadurai et al. 2002; Robinson et al. 2002;
Noonpui et al. 2010; Adegoke and Bello 2015), microorgan-
isms (Fu and Viraraghavan 2003; Aksu et al. 2008) or bio-
polymers (Wu et al. 2001b; Roussy et al. 2005; Raval et al.
2016). However, this process usually comprises a simple
transfer of pollutant from a dispersed phase to a concentrated
one. The necessity to control the discharge of these loaded
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material and the use of expensive materials sometimes makes
the process not viable. Photochemical and catalytic degrada-
tion processes also remove inks (Arslan and Balcioglu 2001;
Genc 2004), but these oxidation processes may cause pollu-
tion hazards since, in some cases, the products generated dur-
ing the oxidation are more hazardous for the environment than
the original contaminants. Coagulation/flocculation are shown
to be simpler and more cost-effective, but the use of metal
compounds such us aluminium, copper or bromide (Songsiri
et al. 2002; Gecol et al. 2003; Kacha et al. 2003; Kim et al.
2004; Fernandez and Hodgson 2013) is controversial due to
the possible impact on cancer or Alzheimer diseases.

Therefore, wastewater treatments are still important for
printing and plastic industries due to the straighten regulations
(Noonpui et al. 2010) and, new bio-technologies are needed
for water-based ink removal.

Recent advances in nanoscale science suggest that many of
the current water treatment problems might be solved or greatly
ameliorate by using cellulose nanofibers (CNF) (Carpenter et al.
2015). The main advantages of CNF are their high potential
availability, renewable nature, biodegradability, non-abrasive
properties, high specific strength and safer handling (Besbes
et al. 2011). CNF can be produced from different cellulose
sources, when virgin fibres are the primary raw material
(Taipale et al. 2010; Gonzalez et al. 2012; Liimatainen et al.
2013), using mechanical treatments or a combination of chem-
ical, enzymatic and mechanical treatments. Chemical and enzy-
matic pre-treatments reduce the energy of the mechanical pro-
cess to obtain CNF from 100 kWh/kg, for unmodified cellulose
preparations, to 1-2 kWh/kg, depending on the extent of the
pre-treatment (Isogai 2009; Siro and Plackett 2010) and allow
to obtain high CNF quality. One of the most widely used chem-
ical pre-treatment is TEMPO (2,2,6,6-tetramethyl-1-piperidin-
yloxy)-mediated oxidation (Nechyporchuk et al. 2016). As a
result, the cellulose fibre structure can easily be disintegrated
to individual nanofibrils due to repulsive forces among the
ionised carboxylates (Saito et al. 2007; Isogai et al. 2011).
However, some recent studies show that the market prices of
the chemicals used in the oxidation process, mainly the TEMPO
catalyst, increase the CNF production cost. Thus, the cost to
achieve a 75% increase in breaking length by the addition of
TEMPO-oxidised CNF was around 4 €/kg of paper. Therefore,
further studies should be carried out to obtain CNF at lower cost
(Delgado-Aguilar et al. 2015).

Moreover, the high aspect ratio, nanometre width and the
high negative charge may impart CNF a high bridging ability,
thus constituting a pseudo-microparticle system with cationic
polymers that retains small particles, such us fillers, by induc-
ing flocculation among them (Jin et al. 2014).

However, very few studies on the use of CNF as a water
chemical have been published. Most of them focussed on
functionalising the CNF surface to increase the binding effi-
ciency of pollutants (Yang et al. 2014) and oils (Korhonen

@ Springer

et al. 2011; Zhang et al. 2014). TEMPO-oxidised cellulose
nanofibers have been used for the adsorption of various metals
from aqueous solutions, most efficiently with lead, calcium
and silver (Saito and Isogai 2005; Carpenter et al. 2015).
From the literature, no reports were found on the use of
CNF for water-based ink removal.

Therefore, an alternative method for flexographic inks re-
moval based on TEMPO-oxidised cellulose nanofibers alone
or in combination with cPAM has been developed and validated
with three of the most commonly flexographic inks with a dif-
ferent core chemical structure (copper phthalocyanine blue, car-
bon black and diarlyide yellow pigments) used in printing paper
and plastic products. The efficiency of the treatments has been
studied using the Jar-test methodology by measuring cationic/
anionic demand, turbidity and ink concentration in the treated
water. Several experiments varying CNF and cPAM concentra-
tions were performed to optimise the ink-removal process.

Experimental
Materials

Synthetic water-based ink solutions were prepared using cop-
per phthalocyanine blue, carbon black and diarlyide yellow
pigments. Their maximum wavelength (\,.x) were 615, 500
and 440 nm, respectively.

CNF were obtained from never dried refined Eucalyptus
globulus bleached kraft pulp, manufactured by Torraspapel,
S.A. (Spain). CNF were obtained by TEMPO-mediated oxi-
dation, by using 5 mmol of NaClO/g of dry pulp. The oxida-
tion conditions were those described by Saito et al. (Saito et al.
2007). Once the pulp was oxidised, a filtration cleaning pro-
cess was performed using distilled water to reach a pH value
around 7. Finally, six steps of homogenisation at 600 bar were
applied in a laboratory homogeniser PANDA PLUS 2000
manufactured by GEA Niro Soavy (Parma, Italy). CNF were
characterised by determining nanofibrillation yield, carboxyl-
ated groups, cationic demand (CD), transmittance (T) and
polymerisation degree (PD) according to Balea et al. (2016).
Table 1 lists the properties of the synthetic water-based ink
solutions and the CNF used in this study.

Linear cationic polyacrylamide (cPAM) polymer was kind-
ly supplied by AQUA+TECH Switzerland. cPAM has a
charge density of 1.3 x 10> eg/g and a molecular weight of
13 MDa.

Methods
Jar-test methodology

The experiments to assess the efficiency of the different treat-
ments were carried out using a Jar-test methodology. A sample
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Table 1  Characteristics of flexographic ink solutions and CNF
Name Synthetic water-based ink solution
. Core
(Nomenclature in the structure
text) Concentration pH A CD Turbidity
ppm pS/cm peq/L NTU
Copper phthalocyanine Qﬁr“*&?
blue N N,?C(N . 4.5 5.73 13.67 10.93 10.60
(Blue ink) &%
bon Black e
Carbon Blac 000e
2.0 5.71 22.80 9.33 31.30
(Black ink) Pecccee
Diarlyide yellow Q o %o
. { oH = /r—{ L
pigment. Yellow 12 O N 24.0 4.26 40.90 57.0 30.69
(Yellow ink) -
Name Cellulose nanofibers
lature in th
:i‘;;nenc e Carboxylic Yield PD CD T
groups (800nm)
o monomer o
mmol/g %o units peq/g Yo
Cellulose nanofibers
(CNF) 0.59 >95 440 1139 94.8

volume of 200 mL of the synthetic water-based ink solution
was used. The additive was added to the sample and stirred for
30 min at 200 rpm followed by slow stirring at 40 rpm for
10 min. Then the sample was left 60 min to settle (Arsad and
Ngadi 2014). This method was repeated when another addi-
tive was added. Finally, the supernatant was collected.
Cationic/anionic demand, absorbance and turbidity were mea-
sured by duplicate. The average error between replicates was
always under 5%. Ink concentration was calculated from the
calibration ink curves plotting absorbance as a function of
various concentrations of each synthetic water-based ink
solutions.

In all cases, the preservation of the samples, the analyses
and the measurements were performed according to the

Standard Methods for the Examination of Water and
Wastewater (APHA-AWWA-WEF, 2005).

FBRM methodology

The evolution of the flocculation processes was monitored in
real time by using a focused beam reflectance measurement
probe (FBRM) MS500L supplied by Mettler Toledo
(Columbus, USA). This device provides a chord length distri-
bution of the suspended solids and the aggregates in the pulp
suspension. A laser diode generates a laser beam, which is
focused in a point at the end of the probe, just near the external
surface of the sapphire window, which is at the end of the
probe. The focal point moves at a high translational speed
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(2 m/s) in a circular path. When particles intercept the focal
point path, light is reflected back to the detector, which re-
ceives the light pulses, the chord length of the each detected
particle is calculated from the time duration of the light pulse
and the translational speed of the focal point. Thousands of
particles can be detected each second. Therefore, thousands of
chord lengths can be measured and recorded per second, pro-
ducing a histogram in which the number of detected counts is
sorted into 90 chord length bins over an interval from 0.5to
1000 um (Blanco et al. 2002).

In a typical flocculation trial, the FBRM probe was placed
in the ink solution stirred at 200 rpm and 2.4 g of CNF hydro-
gel was added and dispersed at 200 rpm during 30 min. After
that, stirring was reduced at 40 rpm and, after 10 min, cPAM
was added. This caused the flocculation of the particles in
suspension, which is monitored on real time by means of the
chord length distribution. Trials were also carried out without
ink, and with the inverse addition order. In the last case, the
FBRM probe was placed in the ink solution stirred at 200 rpm
and cPAM was added to the solution. After 30 min, 2.4 g of
CNF hydrogel was added and dispersed at 200 rpm during
30 min. After that, stirring was reduced at 40 rpm during
10 min.

Results and discussion
Selection of the water-based ink removal system

By Jar-test methodology, single and dual-component systems
were examined for water-based ink removal using the same
dose for each additive (0.01 wt.%) (Fig. 1). Although CNF
have shown to be efficient in water treatment technologies
(Carpenter et al. 2015), this was not the case for the removal
of water-based inks when CNF were used as a single-
component system. However, the turbidity and ink removal
results obtained by adding the negatively charge nanofibers
alone suggest that a weak interaction was induced (Liu et al.
2003). On the other hand, the addition of cPAM only reduced
water turbidity by 18.5% and ink concentration by 68.2% in
yellow ink. The cPAM-based treatment was the most suitable
for yellow ink removal (164 mg ink removal/g of treatment)
but was significantly less effective for blue and black ink
particles (3.74 and 1.65 mg ink removal/g of treatment).
This can be due to the chemical structure of the inks. The open
structure of yellow ink and the high electronic density of the
oxygen atoms in the extremes of the molecule enhance the
interaction with the cationic charges of cPAM. Printing paper
and plastic products use a four-colour process (cyan-magenta-
yellow-black) or multi-colour ink printing; therefore, the most
suitable ink removal process must be efficient for different
colour inks.
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Fig. 1 Water turbidity removal, ink removal and cationic demand of the
supernatant of three flexographic inks after treatments with CNF and
cPAM, using the same dose for each additive (0.01 wt.%)

Surprisingly, the addition order of the additives in the dual-
component system highly affected the ink removal behaviour.
The addition of cPAM before CNF was less effective than the
addition of cPAM after the nanofibers. CNF + cPAM was the
best treatment and it has shown to highly reduce ink concen-
tration: 94% for blue, 87.5% for black and 83.3%, for yellow
inks. In addition, water turbidity removal was around 60% for
blue and black inks and nearly 90% for yellow ink. Therefore,
CNF + cPAM was the most efficient treatment to remove blue
and black ink particles (21.13 and 8.82 mg ink removal/g of
treatment).
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When cPAM followed by CNF treatment was used, blue
and black inks reduced turbidity by 28.3% and 18.2%, respec-
tively. However, higher turbidity and ink concentration re-
movals were observed in yellow ink samples with cPAM +
CNF treatment compared with the other water-based ink so-
lutions. Addition of CNF after cPAM to the yellow ink solu-
tion increased the ink-removal process by 41.1% in turbidity
(49.4% total turbidity reduction) and 52.7% in ink concentra-
tion (84.94% total ink concentration reduction) compared
with the single-component cPAM system.

Some references related to retention systems in papermak-
ing industry combine a cationic polymer of high molecular
weight (cPAM or cationic starch) with an anionic microparti-
cle (bentonite or colloidal silica). Recent results reported by
Jin et al. (2014) shown that cPAM followed by TEMPO-
oxidised CNF constitute a pseudo-microparticle retention sys-
tem of kaolin clay particles, where turbidity was reduced more
than 65% when 0.01 wt.% CNF was added after 0.02 wt.%
cPAM. However, for water-based inks removal the optimum
treatment was the dual-component system CNF + cPAM.
Flocculation studies have been carried out to better under-
standing the mechanism decolourisation process. The floccu-
lation results are shown later.

According to the removal parameters studied, blue and
black ink solutions had similar responses to each treatment.
Yellow ink solutions had higher ink and turbidity removal
compared with the other water-based ink solutions, regardless
of'the treatment applied. This is due to the ability of the yellow
ink molecules to interact to cPAM, as shown by the high
removal efficiency of yellow ink when cPAM was used
(Fig. 1).

Another important parameter to consider after treat-
ments is the charge of the supernatant fraction expressed
by CD (Fig. 1). Surface charge of the fibres, conforma-
tional behaviour of the cationic polymer on the surfaces
and the number of extended parts of the cationic poly-
mer all affect the adsorption of charge microparticles
presented in the suspension (Asselman and Garnier
2000) including bentonite, colloidal silica, kaolin clay
or submicron ink particles, the latter one being the fo-
cus of this study. Inks solutions are anionic with a CD
of 10.9, 9.3 and 57 peq/L, for blue, black and yellow
inks, respectively (Table 1). CNF are anionic and after a
single-component CNF system the supernatant fraction
had anionic charge with a CD up to 100 peg/L. On
the other hand, the cationic nature of the cPAM pro-
duced a cationic supernatant after cPAM treatment
whose values were aligned with the charge nature of
the water-based inks.

After both dual-component systems, supernatant had cat-
ionic charge due to part of cPAM that remained in the super-
natant fraction. However, the addition of the cPAM after CNF
reduced the cationic charge (absolute value) of the supernatant

by 32% (blue ink), 64% (black ink) and 84% (yellow ink),
compared with the cPAM added first. As expected, cPAM had
better interaction with inks when negatively charged cellulose
is present in the solution.

Optimisation of the dual-treatment CNF-cPAM

Once the best ink removal system was selected, the
effect of cPAM dose added after 0.01 wt.% CNF was
studied (Fig. 2). Higher water turbidity removal was
achieved with the increase of ¢cPAM addition and the
cPAM doses were 0.01, 0.0075 and 0.01 wt.% for yel-
low, blue and black inks, respectively. Dual-component
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Fig. 2 Effect of cPAM dose on a water turbidity, b ink removal and ¢
cationic demand of the supernatant of three flexographic inks after
treatments with 0.01 wt.% CNF followed by cPAM
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system of CNF (0.01 wt.%) and cPAM highly reduced
the water turbidity: by 89.3%, 95.2% and 63.6% for
yellow, blue and black inks, respectively (Fig. 2a). Ink
concentration removal also increased with cPAM addi-
tion. The cPAM doses to achieve the highest ink remov-
al was the same as for turbidity reduction. (Fig. 2b).
Similar ink removal behaviour was observed at lower
cPAM doses (below 0.005 wt.%) for the three water
ink-based solutions. A ¢cPAM dose of 0.01 wt.% highly
reduced the yellow ink particles, 100.5 mg ink removal/
g of treatment, and higher cPAM doses were less effi-
cient for yellow ink removal. For blue and black inks,
the highest ink removal efficiency was 26.6 and 8.8 mg
ink removal/g of treatment using 0.0075 and 0.01 wt.%
cPAM, respectively.

A high reduction in the CD is usually necessary to
destabilise and remove the contaminants from the water
(Latour et al. 2015). In this research, cPAM addition after
CNF neutralised the anionic groups of the CNF decreasing
the CD of'the supernatant fraction (Fig. 2¢). The neutralisation
capacity of the dual-component system is mainly governed by

Fig. 3 Colour changes of blue
ink after dual treatment of

0.01 wt.% CNF and different
doses of cPAM. Doses of cPAM
(wt.%)—a 0.001, b 0.0025, ¢
0.005, d 0.0075, ¢ 0.01, £0.0125,
g 0.015 and d 0.02

0.01% CNF +
0.01 g/L cPAM

v

0.01% CNF +

0.1 g/L cPAM
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the charge density of the products, which vary depending on
the CNF and cPAM doses (Latour et al. 2015). The isoelectric
point of the different ink wastewaters took place at approxi-
mately same cPAM doses (0.0075-0.01 wt.%) for all ink so-
lutions. All inks achieved the maximum turbidity and ink
removal at charge neutralisation conditions.

Colour changes of blue ink after dual treatment of
0.01 wt.% CNF and different doses of cPAM are shown in
Fig. 3. At optimal cPAM dose (0.0075 wt.%), the flocs were
clearly formed and they retained all the ink particles and, thus,
transparent supernatant fractions were obtained. However,
lower and higher cPAM doses than the optimum one had a
negative effect on flocs appearance, suggesting that a weaker
flocculation was induced, resulting in smaller, less denser and
weaker flocs.

For the optimal cPAM doses, the effect of CNF dose
on turbidity and ink concentration removal was studied.
Doses of CNF lower and higher that the studied one were
considered (0.005 wt.% and 0.02 wt.%). Highest turbidity
and ink concentration removal were achieved at
0.01 wt.% CNF. A higher CNF dose (0.02 wt.%) reduced

il
0.01% CNF + 0.01% CNF + 0.01% CNF +
0.025 g/L cPAM 0.05 g/ cPAM 0.075 g/L cPAM

0.01% CNF + 0.01% CNF + 0.01% CNF +
0.125 g/L cPAM 0.15 g/L cPAM 0.2 g/L cPAM
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the ink concentration and water turbidity removal for all ~ will be promising in an industrial situation due to the
the inks studied. Such low levels of CNF (0.01 wt.%)  high energy that is necessary to produce CNF.

Fig.4 Chord-length distributions
before and after flocculation of a)
CNF without ink (a), before and 80
after the addition of CNF to the
flocculated blue ink (b) and
before and after flocculation of
the CNF containing ink (c)
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Maximum removal rates were also aligned with the CD
results closed to the isoelectric point.

Therefore, ink concentration and turbidity removal had a clear
relationship with flocculation behaviour and cationic charge.

Water-based ink solution decolourisation mechanism

Flocculation studies have be carried out to better under-
standing the water-based ink solution decolourisation
mechanism. Figures 4, 5 and 6 show the chord length
distributions obtained before and after flocculation of
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Fig. 5 Chord-length distributions before and after flocculation of CNF
without ink (a), before and after the addition of CNF to the flocculated
black ink (b) and before and after flocculation of the CNF containing ink (c)
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CNF suspension and the effects of adding CNF to the
inks before or after flocculation. The dimensions of
CNF, cPAM and inks are quite low. However, the ag-
gregates are detected. CNF interacts with cPAM, as it
was expected (Figs. 4, 5 and 6a). The interaction of
inks with cPAM, if it took place, it does not cause the
formation of detectable aggregates. However, when CNF
were added the suspension flocculated as shown by
Figs. 4, 5 and 6b. Despite of it, the removal of blue
or black inks was very low, which indicates that only a
portion of ink was trapped inside the flocs. However,
when CNF was allowed to interact with inks before the
cPAM addition, removal of inks increased notably, al-
though flocculation did not lead to such high number of
flocs, especially in the case of blue ink (Fig. 4c). In the
case of black ink the formed flocs were notably larger
as shown by the chord length distributions (Fig. 5b, c).
This confirms that the blue and black inks do not able
to interact with cPAM. This can be due to their compact
structure (Table 1) with many steric impediments for the
cPAM chains to reach the active groups. The obtained
results show that the inks must interact to CNF before
their flocculation to be efficiently removed by the floc-
culation induced by cPAM. This interaction is not elec-
trostatic, as both CNF and inks are anionic, but it is a
physical adsorption, as proved by the fact that if the
stirring rate used is too high during the interaction
CNF-ink the removal efficiency decreases. This is pos-
sible by van der Waals forces due to the high molecular
weight of the inks and its affinity to cellulose (as it is
expected for flexographic inks). In the case of the yel-
low ink, the removal efficiency was similar due to the
ability of this ink to interact with cPAM.

Conclusions

Water-based inks cannot be fully deinked by the tradi-
tional methods currently applied in recycled paper and
plastic production. In this study, we demonstrate the
feasible of flexographic inks removal using TEMPO-
oxidised CNF hydrogels through its combination with
a cPAM. The dual-component system based on CNF
followed by cPAM was the best ink removal treatment,
but the optimum treatment achieved depend on the type
of ink. The treatments for higher ink reductions for each
water-based ink solution studied are:

— Blue ink (copper phthalocyanine blue)—0.01 wt.%
CNF + 0.0075 wt.% cPAM, with 100% of ink removal
and 95% of turbidity removal and 26.56 mg ink removed/
g treatment.
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cPAM, with 87,5% of ink removal and 63.6% of turbidity
removal and 8.82 mg ink removed/g treatment.

cPAM, with 83.3% of ink removal and 89.3% of turbidity
removal and 100.5 mg ink removed/g treatment.
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Flocculation trials show that first the ink is adsorbed onto
the CNF, without increased of size particles and after the CNF,
with the ink adsorbed, flocculates due to cPAM addition, re-
moving the water-based inks.
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