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SUMMARY

Paper recycling industry is facing new challenges from contaminants that are not
compatible with fiber cleaning processes. These contaminants cause problems in fiber
quality and process runnability. For example, the contaminants show detrimental effect on
fiber optical property and physical strength. In this thesis, two types of contaminants,
hydrophilic inks and microstickies that are well known in paper industry were chosen to
be studied. Compared with traditional offset inks, new generations of hydrophilic inks
show long shelf life, fast turnaround, on-demand printing capabilities, and exceptional print
quality. These advantages result from the submicron size, strongly negative surface charge
and hydrophilic surface wettability, and all of them become disadvantages from the paper
recycling perspective. For example, hydrophilic inks cannot be removed by flotation
deinking because of the strong repulsion force with air bubbles, and hydrophilic surface
wettability. In addition, the submicron ink particles redeposit irreversibly in the fiber
lumen.
As part of my research in deinking, we developed a method to establish a quantitative
understanding of the problem. Specifically, we determined which fraction of the residual
in found on fiber surfaces was actually bound to the surface, and which fraction was merely
redeposited there during pulping the paper formation. This is a very important step because
both of them remain on fiber surfaces after pulping but with different mechanisms, and a
quantitative understanding is necessary to prioritize and develop a separation strategy
targeting the component that is more problematic. The method shows that about 16% of
original ink is bound on the fiber surface, 32% redeposits to fiber surface, and 52% stays
xvii

in water phase as free ink after pulping, which guides us to prioritize redeposited ink over
bound ink. The shift of residual ink on fiber from bound ink to redeposited ink was also
observed when increasing the pulping consistency, which allows us to remove bound ink
and redeposited ink simultaneously. Adsorption deinking is a potential solution for
redeposited ink control because ink particles are removed from the system right after
detachment from fiber surfaces, and chitosan showed a higher ink adsorption capacity than
cellulose fiber, which is the fundamental reason why chitosan can adsorb ink particles in
the presence of fiber. The kinetic study showed that about half of ink particles were
adsorbed by chitosan within the half an hour pulping time. Finally, the efficacy of chitosan
adsorption deinking was proved in paper deinking experiments and the paper ISO%
Brightness was 5 points higher with a 70ppm reduction in ERIC.
After developing strategies to solve the quality problem, we then focused on methods to
remove free ink particles in water phase from pulp slurry with different modifications to
the standard flotation process, including electric treatment and oil-coated bubbles. The
electric treatment alone induced ink agglomeration and showed high selectivity of ink over
fiber through electroflotation mechanism with 20% reduction in ERIC. Graphite as the
anode material showed a higher ink removal efficiency material than stainless steel because
dissolved heavy metal ions from stainless steel leads to ink redeposition through
electrocoagulation during electric pretreatment, and to higher yield loss during flotation.
The redeposition of ink to fiber is strong and cannot be reversed by washing. However, the
flotation itself showed a similar deinking efficiency as electric pretreatment followed by
flotation. It is hypothesized that the ink particles removed by electric pretreatment are also

xviii

removable via traditional flotation. Thus it is important to be cautious about this problem
when applying electric pretreatment.
Since the electric treatment did not show significant benefits over traditional flotation,
another alternative modification to flotation, oil-coated bubble flotation, was studied
fundamentally and its application in hydrophilic ink deinking was proven qualitatively. In
order for a particle to adsorb on the interface, it has to diffuse to the interface, potentially
overcome an energy barrier, and adsorb on the interface to from a stable contact angle.
There are three fundamental benefits from oil-coated bubbles: one related to fluid dynamics
giving oil-coated bubbles a longer residence time, one related to faster adsorption kinetics
caused by a reduction in the energy barrier, and one related to favorable thermodynamics
of particle adsorption resulting from the higher wetting affinity of hydrophilic particles for
oil-water interfaces compared to gas-water interfaces. Particle adsorption kinetics is the
focus of my study because the adsorption process is kinetically controlled due to the short
life of air bubble, and the adsorption energy barrier during flotation is presumably
dominated by the interactions between particles and pristine interfaces. The particle
adsorption kinetics was probed by dynamic interfacial tension measurement and the early
stage energy barrier was calculated by fitting kinetic models. The oil-water interface
always shows faster adsorption kinetics, and a lower energy barrier than the air-water
interface for all conditions studied in this thesis. Moreover, we found that electrostatic
particle interaction with air-water and oil-water interfaces has similar magnitude, whereas
nonelectrostatic interactions such as the London-van der Waals interaction with air-water
and oil-water interfaces are quite different. The resulting overall difference in the energy
barrier to particles adsorption at the air-water interface and oil-water interface was detected
xix

and quantified. This finding is consistent with the theoretical prediction that the van der
Waals interaction between air and particles across water is repulsive, whereas the
corresponding particle-oil interaction across water is attractive. This fundamental study
illustrates an alternative method to improve flotation efficiency by modifying air bubbles
instead of modifying the properties of ink particles. The application of this concept in
deinking was demonstrated using a custom-designed flotation cell capable of generating
both oil-coated and uncoated bubbles, and a better deinking performance was observed for
oil-coated bubble flotation.
A detailed study on microstickies measurement and agglomeration was also performed.
Previous research on stickies was confined to deposition in the paper machine, and the
deposition of stickies on cellulose fiber and its detrimental impact on paper strength was
proven in this thesis. A cellulosic model surface was prepared to establish a quantitative
understanding in the deposition of stickies on cellulose fibers. The effects of different
polymers on the agglomeration and deposition of microstickies were investigated, and a
new agglomeration method based on electric treatment was developed and it improved the
screenability of microstickies by 50%.
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INTRODUCTION

1.1

Paper recycling and deinking

Recycling has been an important part of paper industry in the United States and the rest of
the world for the past decades and will become more important in future years. The main
goal of paper recycling is to minimize the environmental impact of the paper industry by
preventing the accumulation of paper in landfills as well as reducing energy usage.
Statistically, recycling one ton of paper could save 17 trees, 4000 kilowatt hours of energy
(64%), 7000 gallons of water (58%) and 3.3 cubic yard of landfill space compared with
producing paper from blank fiber.
More than 60% of the paper consumed in the US is recycled, and the global demand for
recycled fibers is still growing at a rate 2% per year in the next decades[1]. Based on a
report by Environmental Protection Agency[2], there were about 254 million tons of
municipal solid waste generated in the United States in 2013 and 87 million tons of the
waste were recycled which was equivalent to 34% recycling rate as shown in Figure 1-1.
Among all the municipal solid waste, paper and paperboard contribute to the largest
amount and account for 69 million tons (27% of all the solid waste) with 67% recycling
rate. Around 46 million tons of paper and paperboard were recycled in 2013 which
accounted for 50% of all recovered municipal solid waste. Thus, paper and paperboard play
the most important role in both municipal waste generation and waste recovery.
Although the paper recycling rate reaches 67%, a lot of areas still need to be improved
because there is a big discrepancy in recycle rate between paper from different sources. For

1

example, in 2015, 33.7 million tons of paperboard containers were produced with 93%
recycling rate. However, in the same year 19 million tons of printing-writing papers were
supplied with only 59% recycling rate. Thus, it is necessary to study the current paper
recycling technology for printed paper in order to improve the paper recovery rate.

Figure 1-1 Municipal waste (left) generation (right) recycling rates from 1960 to 2013.
To make usable recycled paper products, any ink that has been printed onto the paper must
be removed. There are three steps in the paper recycling process, including pulping,
deinking and papermaking. During pulping, fiber networks are broken down by external
mechanical force with the help of deinking chemicals. In the meantime, ink particles also
detach from fiber surfaces and release to aqueous phase. The deinking chemicals include
oleic acid, sodium silicate, hydrogen peroxide, sodium hydroxide, and calcium chloride.
Sodium hydroxide could swell the paper fibers and improve the ink detachment in an
alkaline condition. Additionally, sodium silicate acts as a dispersant, which improves
detachment of the ink from the paper fiber and prevents ink redeposition[1]. Finally, oleic
acid complexes with calcium ions and acts as a coagulant to agglomerate ink particles to
around 10 microns which is more suitable for separation by flotation.

2

Figure 1-2 Total municipal solid waste generation by materials in 2013.

Figure 1-3 Recycling rates of selected materials in 2013.
After pulping, the pulp slurry will go through either flotation deinking or washing deinking.
The purpose of deinking is to remove contaminant particles like inks or stickies released
into water during pulping. Flotation process highly relies on the hydrophobicity of particles
and its ability to form strong interaction with air bubbles, which are blown into the flotation
cell. The air bubbles lift the inks to the surface and form a thick froth that can be removed.

3

The optimal particle size for flotation deinking is around 10 microns. During washing
deinking, the fiber slurry is diluted to 0.02% consistency followed by thickening through a
screen. This process is most useful for removing particles smaller than about 30 microns.
Compared with flotation deinking, it is more effective to remove hydrophilic or small
particles. However, it only has 70% yield compared with 90% yield of flotation deinking.
1.2

Hydrophilic inkjet ink deinking

Compared with traditional printing technology, inkjet printing technology with hydrophilic
ink shows some advantages including fast turnaround, on-demand printing capabilities, and
exceptional print quality[3-9]. In addition, hydrophilic printing inks also eliminate
environmental and health concerns from the volatile organic compounds present in the
solvent of traditional inks[10-11]. However, the flotation deinking operations that have
worked very efficiently in the past are facing new challenges due to the increased use of
hydrophilic ink printing on industrial scales, which is not compatible with flotation
deinking[12]. Specifically, the gaps between hydrophilic ink properties and flotation
requirements are caused by small ink particle size, hydrophilic surface property and strong
surface charge, and it is important to develop a solution and bridge the gaps in order to
maintain and grow the recycling levels as is desired.
1.2.1

Ink formulation, size distribution, wettability and surface charge

Ink is a complex system which is composed of solvents, pigments, resins and other
additives like lubricants, surfactants. For traditional inks, the solvent is hydrocarbon which
allows for good flow and drying after printing[13]. However, there is a transition to water
as a new solvent for environmental and health concerns, which also sets new requirements
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in pigments and resins. In order to achieve a long shelf life and good printing quality,
pigment particles have to be well dispersed in the solvent. But traditional pigment particles
are too hydrophobic to be stabilized in water and the pigment particles are modified by
polymers like acrylic resins to solve the problem[14-15]. Although this modification could
improve the stability of ink particles in water, it also causes deinking problems during paper
recycling because of its small ink particle size, hydrophilic surface property and strong
surface charge[16-17].

Figure 1-4 Illustration of ink pigment stabilization in hydrophilic inks.
The particle size of hydrophilic ink is 0.04 μm to 2 μm after pulping, which is much smaller
than the flotation requirement 10-200 μm. This is caused by the necessity to achieve high
stability during ink production and storage, and the ink particles are modified by
hydrophilic polymers. As a result, the modified inks are highly dispersed and fail to
agglomerate to a reasonable size for flotation during deinking operations[18-21]. Besides
the tiny size of hydrophilic inks, the surface hydrophilicity and strongly negative surface
charge are two other reasons why the interaction between ink particles and air bubbles is
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weak[8]. For example, the zeta-potential of ink particles in alkaline condition is -40mV
and there is a strong electrostatic repulsion force between ink particles and air bubbles.
These problems cause only a small amount of hydrophilic ink to be removed through the
current deinking operations in recycling mills[12]. The lack of removal of hydrophilic ink
reduces the quality of the final paper product due to decreased optical properties. In
addition, since water loop in paper mill is closed, the inkjet ink will also accumulate in the
filtrate of the mill and decease the quality of other recycled pulp, making hydrophilic ink
printed paper unusable for many recycled paper products (newsprint, printing paper, etc.)
[8]. Due to these concerns, recycling plants generally only accept recycled paper sources
that contain little to no hydrophilic ink printed paper products[12].
1.2.2

Ink redeposition

It has been well-known that hydrophilic ink would redeposit into the fiber lumen or onto
fiber surfaces[8, 22-26]. The redeposition into the fiber lumen is caused by the small size
of ink particles and mainly occurs during pulping[22]. This redeposition can be eliminated
by optimizing pulping conditions like time and consistency[26]. In contrast, the
redeposition onto fiber surfaces occurs during paper formation and can be controlled by
removing metal ions. Thus, the redeposition process can be prevented by increasing the
electrostatic repulsion[23].
1.3

Current research progress in deinking

Since the invention of inkjet printing, the undeinkability of these hydrophilic inks has
caused concerns, but has not been a major problem for the industry due to the very low
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proportion of paper products printed using inkjet printing. However, the popularity of these
printing options has increased significantly in the past decade and will continue to overtake
traditional offset printing market share in the future. Because of this, there has been a large
amount of research done to mitigate these issues. Some of the successful efforts include
optimization of pulping conditions for hydrophilic inks[21, 27-30], neutral deinking and
coagulants[25-26, 31-34], enzyme deinking[35-38], and adsorption deinking[39-44].
1.3.1

Optimization in pulping conditions

Previous researches have showed that the pulping of hydrophilic ink printed papers only
requires the first few minutes and longer pulping time beyond that had a negative effect on
optical properties[28-29]. The relationship between mixing energy and optical properties
followed a similar trend that an increase in mechanical energy from mixing led to the
redeposition of hydrophilic flexographic ink[19, 22, 26].
The optimization of the pulping conditions by reducing pulping time and decreasing
pulping energy could decrease redeposition of ink in the fiber lumen, but the optimal
conditions would only apply to 100% pigmented ink stocks because the optimal conditions
for hydrophilic inkjet inks are inadequate for traditional inks[8, 27-29]. Thus, the operating
conditions would have to be compromised between the two because the paper mills recycle
a mixture of hydrophilic ink prints and offset prints, which would greatly reduce
effectiveness of the technique on improving pigmented ink removal.
Fractional pulping is a newly developed technique that focused on optimizing pulping
conditions of hydrophilic ink and hydrophobic ink. The pulping stage was stopped at a
short interval followed by a washing step to remove hydrophilic inks. And the paper fibers
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collected after washing was pulped again to make sure offset inks can be detached from
fiber surfaces. This pulping-washing cycle was performed multiple times[21, 45].
Although this method could mitigate the problems in pulping conditions of recycling
hydrophilic and offset inks, the deinking process requires extensive washing, leading to
unacceptable yield loss[19, 32, 46-47], high water usage and high ink concentration in
water[8].
1.3.2

Neutral deinking and coagulation

Both neutral deinking and coagulation focused on the methods to increase the ink size and
avoid redeposition into fiber lumen. As mentioned earlier, the ink particles are anionic
charged in an alkaline condition. Thus a neutral pulping condition or coagulants could
decrease the electrostatic repulsion force between ink particles and increase the particle
sizes[31, 48]. The filtrate darkening effect was dramatically improved because larger ink
particles can be retained into fiber network easily during paper formation. However, this
method not only reduced repulsion forces between ink particles, but also between ink
particles and fibers. As a result, more ink particles redeposited onto the fiber surfaces[25].
In addition, neutral pulping cannot remove traditional offset ink so it is necessary to have
another alkaline dispersion and flotation to remove offset ink afterwards[26, 32].
Coagulants and flocculants have also been shown to have little effect on the deinking
efficiency of inkjet inks and additionally cause large increases in yield losses[24-25, 49].
1.3.3

Enzymatic deinking

There has been some success by using enzymes for deinking of different kinds of inks
including inkjet inks, flexographic inks, offset inks and toners[35-36, 50-51]. There are
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mainly two different mechanisms for enzymatic deinking, including hydrolysis of cellulose
or hemicellulose, and decomposition of ink particles directly. For example, cellulase or
hemicellulose can randomly cleave enzyme-specific cellulose bonds in order to remove ink
particles that cannot be detached from fiber surfaces[52]. Another benefit of cellulase based
enzyme is to free entrapped inks from fiber network by creating spaces. In contrast, lipase
has been shown to hydrolyze the polymer component in toner inks and allow the pigments
to detach from the fiber surface. However, the enzyme treatment efficiency is influenced
by type of ink particles and substrates[37]. For example, over 85% of the toner ink was
removed during enzymatic deinking operations. But less than 15% removal of the ink was
achieved with the same procedure followed for offset newsprint or hydrophilic ink
deinking. Thus, although very high ink removal efficiencies can be achieved in lab
conditions, the ink composition is unknown in industrial applications and would be difficult
to treat with this method[8, 37].
1.3.4

Adsorption deinking

Although adsorption is a widely-used technology for separation, it is still a very new idea
for deinking. Adsorption deinking has been shown successful for offset inks through plastic
and nylon beads[39, 44, 53], and the influence of surface tension and charge was recently
studied[39-40]. For example, Ravi studied the balance between deinking chemicals and
polymer beads and he found polyethylene terephthalate beads had the best newsprint
deinking performance[39]. Compared with flotation deinking, this new deinking method
could dramatically reduce the water consumption by 90% and energy consumption by
20%[41, 43]. However, the It is still questionable whether adsorption deinking could solve
the problem of hydrophilic inkjet ink. In addition, the adsorbents separation and
9

regeneration are challenges for its application potential in industry. Based on previous
knowledge, ink particles are negatively charged in water. Thus, adsorbents with cationic
surface charge are good candidates for hydrophilic ink removal through electrostatic
attraction.
1.4

Oil coated bubble for flotation

Traditional flotation technology relies on the attachment of particles to gas bubbles and the
formation of particle-bubble aggregates. These aggregates rise to the surface and the froth
layer is skimmed off to remove the particles from the flotation cell. Thus, the flotation
process can be described by three independent steps, including the collision between
particles and gas bubbles, the attachment of particles to bubbles, and the stability of the
particle-bubble aggregates[54-55]. Specifically, the particle-bubble attachment process can
be further divided into three steps: the thinning of the liquid film to a critical thickness, the
rupture of the film and formation of the three-phase contact nucleus, and the expansion of
the contact nucleus to form a stable three-phase contact line[56]. If the particles are
hydrophilic like minerals or hydrophilic ink particles, the separation performance of
traditional flotation process is notoriously poor, and hence at least one of the three steps to
particle attachment must be impeded.
The addition of oil droplets into flotation has gained some success in the past. For example,
Ralston[57-58] showed that oil droplets stabilized by polymers could effectively separate
calcite particles from fine quartz gangue. Kusaka also investigated the role of isooctane in
quartz fines recovery with liquid-liquid extraction process with and without the presence
of surfactants[59-60]. However, due to the large amount of oil consumed during the
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flotation, this is not an economical method unless the oil can be further cleaned and
recycled.
1.4.1

Oily bubble flotation

In order to solve the problem of large oil consumption, a new flotation methods by air
bubbles coated by a thin oil layer was invented, and the application of this novel technology
in minerals separation was investigated. Liu first studied the effect of reactive oily bubbles
(bubbles covered by a thin layer of oil containing oil-soluble collectors) in silica, sphalerite
and galena recovery[61]. Here, the contact angle values between mineral particles and
reactive oily bubbles are also much more favorable (i.e. closer to 90º, implying stronger
attachment) than those for regular air bubbles, pointing at an improved collecting power.
The foaming properties and film thickness of different organic solvent and their mixtures
were studied by Tarkan[62-64]. He found that 25:75 hexadecane/heptane is the best
candidate for oily bubble bitumen flotation because of the high stability of the foams.
Another useful observation is the ability of a low concentration of silicone oil (3 ppm) in
promoting the foam stability through solvent surface tension reduction. Su and Zhou
further expanded the application of oily bubble flotation in bitumen, apatite, dolomite and
bastnaesite recovery through kerosene oil with 100ppm fatty acid[65-68]. Besides its
application in mineral recovery, Gomez also applied silicone oil coated air bubbles to
improve the deinking efficiency[69].
Although these studies showed the higher separation performances of oil-coated bubbles
in mineral flotation and deinking, the fundamental reason for this improvement has not
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been understood. We are therefore motivated to study the particle adsorption kinetics on
pristine air-water and oil-water interfaces.
1.4.2

Benefits of thin oil layer for particle attachment: kinetics perspective

The attachment of particles onto oil coated bubbles during flotation is similar to the
formation process of Pickering emulsion, where particles adsorb to oil-water interface to
stabilize emulsions. Thus, the advantages of oil coated bubble over regular bubbles during
flotation are caused by the difference in particle adsorption processes between oil-water
interface and air-water interface.
The thermodynamics of this adsorption process has been well understood and the energy
benefit can be calculated by Equation 1.1.

G   0 r 2 (1  cos )2

(1.1 )

In this equation, 𝛾0 is the surface (interfacial) tension of the pristine interface, 𝜃 is the
three-phase contact angle of the particle with the fluid-fluid interface and 𝑟 is the particle
radius. This energy can exceed thermal energy by several orders of magnitude for large
particles (>20nm) and the particles can be considered irreversibly adsorbed to the interface.
If the particles are small (<5nm), the desorption energy is on the order of thermal
fluctuation (𝑘𝑇) and the adsorption process is reversible as in the case of surfactants.
However, due to the short life of bubbles during flotation, the adsorption process is kinetics
controlled. Thus, it is important to study the particle adsorption kinetics at interfaces,
especially the energy barrier.
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1.4.2.1 Reversible adsorption kinetics models
Most of the models on particle adsorption kinetics are directly taken from surfactant
adsorption kinetics, and this is valid for small particles. Comprehensive introductions to
surfactant adsorption behaviors on interfaces were reviewed by Eastoe and Chang[70-71]
so only a short summary is presented in this section.
The most classical quantitative model for surfactant adsorption was reported by Ward and
Tordai[72]. According to this model,

(t )  2

D



t

(ceq t  
0

ci  
t 

)d )

(1.2 )

where Γ is the molar surface concentration, 𝑐𝑒𝑞 is the bulk concentration, 𝑐𝑖 is the
concentration at the sublayer and 𝜏 is a dummy variable of integration.

Figure 1-5 Diffusion diagram of surfactants from the bulk to the interface through a
sublayer.
The first term on the right-hand side represents the diffusion of monomers from bulk to the
interface, and the second term on the right-hand side shows the back diffusion. An
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important assumption in this model is that the adsorption process is diffusion-controlled.
Thus, the adsorption energy barrier equals zero and the time required for the solute to
transfer from the bulk to the subsurface is much longer than the time required for
equilibration between the surface and the subsurface. However, this equation is unsolvable
due to the convolution integral in back-diffusion. So it was difficult to apply this model to
surface tension profile until asymptotic solutions were developed by Fainerman[73].
At the early stage (𝑡 → 0) there is no back diffusion, and the back-diffusion term thus
vanishes. Equation 1.2 can be written as

 Dt 
  2ceq  
 

0.5

(1.3 )

At the start of adsorption, the surface coverage is low and Henry’s isotherm can be applied:

   0  nRT 

(1.4 )

where n=1 for non-ionic surfactants, n=2 for ionics. Substituting Equation 1.4 into
Equation 1.3 gives

 (t )   0  2 RTceq

Dt



(1.5 )

On the other hand, at later stage (𝑡 ⟶ ∞) the subsurface concentration is very close to the
bulk concentration and ci   may be factored out of the integral. Then Equation 1.2
becomes

14

(t )  2

D



(ceq t  ci (t   )0.5 t0 )

(1.6 )

Equation 1.6 can be rearranged to

ct   ceq  ci  



(1.7 )

4 Dt

Combining Equation 1.7 with Gibbs equation for adsorption (Equation 1.8), the late stage
approximation can be stated as Equation 1.9

 d 

  nRT 
 d ln c T , P
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4 Dt

(1.8 )

(1.9 )

where 𝛾∞ is surface tension during equilibrium and Γ∞ is the molar surface concentration
at steady state.
However, in a lot of systems the species adsorption energy barrier exists and the adsorption
kinetics is controlled by two processes in series. The first one is the diffusion of the species
from the bulk to a sublayer and this process follows Fick’s law of diffusion. The second
one is the transport of the species from the sublayer to the interface.
An important study of mixed diffusion-kinetic control model has been given by Liggieri et
al.[74]. They introduced an “apparent” diffusion coefficient Deff , where
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∆𝐸 represents the adsorption energy barrier. All the other terms in Ward and Tordai
(Equation 1.2) were kept the same, and the modified equations with a potential adsorption
barrier is
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Again, this equation is unsolvable, and it is necessary to apply asymptotic solutions
developed by Fainerman[73] to calculate the effective diffusion coefficient and compare it
with the Stokes-Einstein diffusion coefficient to get the energy barrier.
This method has been applied extensively to study the adsorption kinetics of surfactants
[75-79]; more recently, its application was extended to solid particles[80-84] and
microgels[85-87]. For example, Kutuzov[83] studied the adsorption thermodynamics and
kinetics of

trioctylphosphine oxide (TOPO) stabilized cadmium selenide (CdSe)

nanoparticles at the toluene-water interface. The effective diffusion coefficients were
calculated by fitting early-stage or late-stage interfacial tension curves to Equation 1.5 or
Equation 1.9, respectively. The adsorption energy barrier was obtained by comparing
effective diffusion coefficient with Stokes-Einstein diffusion coefficient by Equation 1.12.

Deff  DS  E exp(
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He found the effective diffusion coefficients from both early stage analysis to be smaller
than the diffusion coefficient from Stokes-Einstein law, and the and n coefficient from the
late stage analysis to be even smaller, which is consistent with the energy barrier at the
early stage of adsorption being dominated by particle-interface interactions, and the energy
barrier at late stage adsorption being governed by particle-particle interactions. The values
of the two energy barriers were around 1.5kT and 6kT, respectively. Ferdous[81-82] and
Fang[80] also observed a shift from diffusion-controlled early stage adsorption kinetics to
kinetic-controlled late stage adsorption of modified gold particles, and graphene-oxide.
1.4.2.2 Irreversible adsorption kinetics models
However, since the model was originally developed for reversible adsorption, it can only
be applied to nanoparticle system where the desorption energy is in the same order of
magnitude with thermal energy (𝑘𝑇). This is only valid for systems studied by Kutuzov
and Ferdous where the particle sizes are smaller than 10nm. Bizmark[88] showed that the
traditional asymptotic solutions of Ward and Tordai theory are problematic for irreversible
adsorption by studying the adsorption kinetics of ethyl cellulose at air-water interface. The
effective diffusion coefficient is greater than Stokes-Einstein diffusion coefficient by
several orders of magnitude. They developed a new model to analyze the initial decay of
surface tension, which is given by

 (t )   0  2 N A G ceq

Dt



( 1.13 )

The new model is identical to the classical model (Equation 1.5) if ∆𝐺 = 𝑘𝐵 𝑇. However,
if ∆𝐺 ≫ 𝑘𝐵 𝑇, the classical model will overestimate the effective diffusion coefficient,
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yielding an effective diffusion coefficient far greater than the reference value from the
Stokes-Einstein law. Dugyala[89]and Gyulai[90] further combined the modified model
Equation 1.13 with Equation 1.12 to calculate the early stage energy barrier for particles
adsorption onto fluid-fluid interfaces. Dugyala[89] investigated the adsorption kinetics of
silica nanoparticles onto a decane-water interface at different salt concentrations and
showed that the early stage adsorption barrier can range from 7kT to 10kT. This study
proved the importance of electrostatic interactions in the adsorption kinetics especially in
highly charged particle systems.
If the particle size is greater than 20nm, the desorption energy will be much greater than
thermal energy which implies an irreversible adsorption. In the past decade, Adamczyk[91]
developed the fundamental adsorption model based on generalized random sequential
adsorption theory at solid-liquid interfaces and Bizmark[88, 92] recently expanded its
application to fluid-fluid interfaces. Random sequential adsorption theory assumes that the
particles are adsorbed sequentially and randomly on the free space of the interface and two
adsorbed particles cannot overlap. In addition, the desorption of the adsorbed particles from
the surface, and the diffusion of the adsorbed particles on the surface, are neglected in
random sequential adsorption theory but are taken into consideration in generalized random
sequential adsorption. In this model, the mass conservation equation for one dimensional
transport can be written as
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( 1.14 )

    s

( 1.15 )

s  kBT B()

( 1.16 )

The diffusion coefficient in Equation 1.14 is the position-dependent diffusion coefficient,
and overall energy barrier Φ is assumed to be the summation of energy barrier 𝜙 based on
DLVO interactions and energy barrier 𝜙𝑠 from (steric) blocking effects as in Equation
1.15. The energy barrier from blocking effect can be related to generalized blocking
function B() by Equation 1.16, where Θ is the fractional coverage of the interface.

Figure 1-6 Schematic presentation of the energy profile.
The Equation 1.14 can be integrated with quasi-steady state assumption to get

 j  ka cB()
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( 1.17 )
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( 1.18 )

In Equation 1.18, 𝛿𝑚 is the position of the energy minimum (corresponding to interfacial
particle attachment).
Then based on Equation 1.18, the mass balance for adsorbed particles on the interface gives

1 d
 ka cB()
S dt

( 1.19 )

where S is the characteristic cross section of a particle (in the case of spheres S = πr2).
At late stage when Θ → Θ𝑚𝑎𝑥 , the generalized blocking function for spheres can be written
as

B()  2.32(1   / max )3

( 1.20 )

Combining Equation 1.19 with Equation 1.20 and integrating gives
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Next, we can use the following two Equations to correlate Θ with 𝛾
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( 1.23 )
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Finally, we can get Equation 1.25 by combing Equation 1.22, 1.23 and 1.26 together
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( 1.25 )

Equation 1.25 and Equation 1.9 show the same relationship between 𝛾 and 𝑡 that 𝛾~𝑡 −1/2
when the adsorption process is close to reach equilibrium. And it is possible to calculate
𝐾1 and 𝑘𝑎 based on the slope of 𝛾~𝑡 −1/2 plot. After that, the maximum value of the
interaction energy 𝜙 from particle-interface DLVO interactions, 𝜙𝑏 can be approximately
calculated from Equation 1.26. To summary, the overall strategy of this method to estimate
the energy barrier between particles and pristine interfaces (also early stage energy barrier)
is to calculate 𝑘𝑎 from late stage slope analysis and then get 𝜙𝑏 based on Equation 1.26.
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Bizmark[88] firstly reported this method and validated it through the adsorption of ethyl
cellulose (EC) onto air-water interface. He showed that the ethyl cellulose-interface energy
barrier is 3.1 𝑘𝐵 𝑇 and 5.9𝑘𝐵 𝑇 for 89nm and 42nm EC particles, respectively. In a later
publication[92], he also proved that the EC-interface energy barrier does not change with
salt concentration as long as the concentration is lower than the critical coagulation
concentration of EC. This conclusion is counter-intuitive because the screening effect of
salts should reduce the electrostatic interactions between particles and the interface.
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Bizmark’s method was also adopted by Nelson et al.[93] to study the interfacial behavior
of iron oxide-poly(ethylene-glycol) at decane-water interface.
Table 1-1 Summary of recent work on particle adsorption kinetics onto fluid-fluid
interfaces.

Desorption
Particle

Energy

(𝑘𝐵 𝑇)

Type of

Early Δ𝐸

Late Δ𝐸

interface

(𝑘𝐵 𝑇)

(𝑘𝐵 𝑇)

10d

Ref

EC

104

Air-water

5.9a

PEG-Iron oxide

103

Water-decane

5.6-10.6a

Silica

45

Water-decane

8b

N/A

Dugyala[89]

5b

N/A

Gyulai[90]

Bizmark[88]

Nelson[93]

Air-water
Poly(lactic-co-

4

10

Water-octane

glycolic acid)
TOPO-CdSe

3.3-13

Water-toluene

1.5c

6d

Kutuzov[83]

kT

Water-hexane

0.3-7.7c

4.6-11d

Ferdous[81]

Water-hexane

Same
2-8d

Ferdous[82]

alkanethiolcapped gold
alkanethiolcapped gold

kT
Water-nonane

magnitude

N/A

Water-toluene

N/A

2-5d

Fang[80]

Irreversible

Water-heptane

N/A

N/A

Li[85]

Graphene
oxide

Poly(NiPAAm)
based microgel
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a

The energy barriers were calculated from Equation 1.25 and 1.26.

b

The energy barriers were calculated from Equation 1.12 and 1.13.

c

The energy barriers were calculated from Equation 1.5 and 1.12.

d

The energy barriers were calculated from Equation 1.9 and 1.12.

1.5

Microstickies measurement and agglomeration

The economic benefit of deinked pulp (DIP) over virgin pulp has increased the use of
deinked pulp in manufacturing of printing and writing papers. Due to adhesives and binders
used in coatings, labels and envelopes, the number of stickies in recycled fiber has
increased steadily. Stickies originate from pressure sensitive adhesives, hot melts, toner,
waxes, coating and binders that are used in labels, tapes, envelopes, stamps, paperboards
for a variety of functions in binding, sealing, coating and printing. There is a wide variety
of chemical compounds used in the formulation of PSAs, hot melts, waxes and binders.
The most commonly elastomers used in PSAs are polyacrylate, styrene butadiene rubber
(SBR), styrene isoprene styrene (SIS), styrene acrylate, polyvinyl acetate/acrylate
(PVAc/ACRY) copolymers along with tackifiers such as rosin. Ethylene vinyl acetate
(EVA) and copolymers, poly vinyl acetate (PVAc), polyethylene, polyisoprene, long chain
hydrocarbons, tackifiers are major ingredients of hot melts, waxes and binders[94-95].
Except for tackifiers and certain waxes, all mentioned molecules belong to the class of
synthetic polymers which are often detected in the deposits found in forming fabrics, center
rolls, press section, dryers and calendar stacks.
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The agglomerated stickies could lead to both paper quality losses and process failures[96].
For example, stickies could deposit onto the fibers and decrease the physical strength of
paper products[97-98]. Besides, the stickies could attach to the press cans and dryer
calendars and induce web breaks during papermaking processes[96]. Due to the close of
water in paper mills, the build-up of stickies in recycled white water deteriorates the
situation.
1.5.1

Microstickies measurement

Stickies are generally classified as either macrostickies or microstickies based on their
sizes. Macrostickies refer to tacky particles retained on a laboratory screen of 100 µm or
150 µm opening. On the other hand, microstickies or colloidal stickies are hydrophobic
particles that are dispersed throughout the pulp. It is well known that microstickies tend to
agglomerate and deposit on the paper machine after changes in the environment, including
pH, temperature and polyelectrolyte concentration.
Microstickies measurement methods are not well established. Most evaluation methods of
microstickies can be divided into two categories, indirect measurements and direct
measurements[99]. Indirect methods focus on measuring the total amount of microstickies
in the system. These indirect methods include the thermogravimetric method[100], IPST
method (total organic carbon content)[101], chemical oxygen demand[102-103], solvent
extraction methods followed by FTIR[95], high pressure liquid chromatography[104], size
exclusion columns[104], evaporating solvent light scattering detector[104], pyrolysis-gas
chromatography-mass spectrometry method[105], turbidity difference method[106], and
head-gas chromatography method[107]. Most of these methods could provide quantitative
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evaluation on both microstickies amount and composition. However, these indirect
methods are not based on the deposition phenomenon.
On the other hand, direct measurements mainly focus on the deposition tendency of
microstickies. The surfaces used for deposition include LDPE[108-112], HDPE[109-111],
machine wire[109-111, 113-114], polypropylene[115], polyamide[115], PET[115], etc.
Image analysis combined with deposition could estimate the accumulation of deposits and
the size of specks.
1.5.2

Microstickies agglomeration and removal

There are several methods in terms of paper mill stickies removal through chemical
methods[116-121], physical methods[98, 122]. For chemical methods, there are two
different mechanisms for stickies control, including adsorption removal[117] and chemical
fixation[123]. Both talc and bentonite have plate structure with hydrophobic faces with
hydrophilic edges which facilitates a strong interaction with hydrophobic stickies and
results in stickies deposition onto their hydrophobic surfaces. On the other hand, cationic
polymers including poly-diallyldimethylammonium chloride, poly-aluminum chloride and
cationic starch remove stickies by fixing them onto fibers in order to remove stickies from
the water system.
Secondly, physical methods include flotation[124], stickies agglomeration[122], heat
dispersing[125]. Dissolved air flotation is a common used method to clean process water
in papermill and it is an effective method when combined with flocculants and
coagulants[123]. In addition, it has also been shown that physical agitations like
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temperature elevation, shear force and bubbles could agglomerate microstickies and
improve their removal efficiency through screening.
However, the current technologies are still unable to solve the problems. For example, the
residual chemicals added into the paper mill could accumulate in the water and cause
serious issues. In addition, the chemicals could also affect the forming and drying of paper
products. Furthermore, in terms of the non-chemical methods, temperature elevation is
energy intensive due to the high heat capacity of water. Finally, both shear force and
bubbles could agglomerate microstickies in a fiber free system, but could not coagulate
microstickies efficiently in the presence of fibers.
1.6

Thesis motivations and objectives

The fiber cleaning is the most important process for paper recycling and the industry is
facing new challenges from hydrophilic inks and microstickies. Both of them cause fiber
quality problems and paper machine runnability problems. The current research addresses
the two problems separately with focus in deinking as shown in Figure 1-7. The objectives
of research in deinking include
(a) Develop a quantitative method to categorize inks based on their behavior during
pulping
(b) Improve the pulping process by adsorption deinking to reduce the residual ink
amount on fiber
(c) Study advanced flotation methods to improve the ink particles removal from water
and pulp slurry with low consistency
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Besides deinking, the current research also investigates the microstickies problems by (a)
detection the deposition of microstickies on fiber surfaces and (b) agglomeration of
microstickies to improve the separation efficiency.

Figure 1-7 Summary of the research objectives in deinking and microstickies
removal.
1.7

Thesis outline

Chapter 2 presents a novel method to distinguish bound ink, redeposited ink and free ink
and studies the adsorption deinking by chitosan during pulping.
Chapter 3 studies the effect of electric treatment on hydrophilic ink flotation deinking and
washing deinking.
Chapter 4 investigates the method to detect the difference in particle adsorption kinetics
between oil-water interface and air-water interface, which is a fundamental evidence to
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prove the benefit of oil-coated bubble flotation, and demonstrates the efficacy of oil-coated
bubble flotation in hydrophilic ink deinking through a house-made flotation device.
Chapter 5 shows the deposition of microstickies on cellulose fibers and prepares a model
cellulose surface to quantify the deposition amount under different agitation methods.
Chapter 6 explores the effect of chemicals on microstickies stability and the agglomeration
of microstickies by external electric treatment.
Chapter 7 summarizes primary conclusions from the research projects and provides
recommendations for future study.
1.8
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HYDROPHILIC INK BEHAVIOR DURING
PULPING AND ITS IMPLICATION IN ADSORPTION
DEINKING

2.1

Introduction

Although an extensive amount of effort has been spent developing new technologies to
improve the deinking efficiency of hydrophilic inkjet ink, very few of them focused on
understanding the ink behavior during pulping and papermaking. For example, INGEDE
Method 11 was developed to evaluate the deinkability of traditional offset ink. However,
the pulping chemistry and pulping conditions may not be applicable to hydrophilic inkjet
ink. In addition, it has been well-known that the irreversible redeposition of ink into fiber
lumen is a major concern for hydrophilic inkjet ink[1-2]. But a method to distinguish
between redeposited ink and bound ink is still missing. So it is difficult to pinpoint the
contribution of bound ink and redeposited ink to the overall residual ink on fiber. Compared
with flotation deinking, this new deinking method could dramatically reduce the water
consumption by 90% and energy consumption by 20%[3-4]. It is still questionable whether
adsorption deinking could solve the problem of hydrophilic inkjet ink.
The aim of the present work is hence to understand the ink behaviors during paper recycling
and investigate the efficacy of adsorption deinking in hydrophilic inkjet ink removal. At
first, the effects of pulping chemicals in INGEDE Method 11 to hydrophilic inkjet ink were
investigated using inkjet printed newspaper. Then a method to distinguish between bound
ink and redeposited ink was developed to understand the contribution of bound ink and
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redeposited ink individually to the residual ink concentration on fiber products. Based on
this new method, the effect of pulping consistency on bound and redeposited ink was
studied. Finally, the efficacy of inkjet adsorption deinking by chitosan was studied in this
research. To the authors’ knowledge, this is the first report on inkjet adsorption deinking.
Thus, the current research only focuses on concept validation and the adsorption isotherm,
kinetics and adsorbent selection were also investigated.
2.2
2.2.1

Materials and Methods
Materials

All the deinking chemicals, including NaOH (AR), CaCl2 (AR), Na2SiO3 (AR), and H2O2
(AR), were obtained from VWR International. Oleic acid used in deinking experiments
was 80% (w/w). Chitosan was purchased from Fisher Scientific (Acros Organics) with
molecular weight in the range of 600,000-800,000 and deacetylation degree between 75%
and 85%. Talc and lignosulfonic acid sodium salt (lignosulfonate) were purchased from
Sigma-Aldrich. Cationic-polyacrylamide (cPAM) with high molecular weight and low
charge density (Nalco® 74508) was purchased from Nalco as retention aid agent. The
printing substrate, blank newsprint was purchased from Uline and the product code is S19325. The basis weight is 30lbs. and the ISO brightness is 58%. A commercial pigmentbased inkjet ink (HP 60, LD Products, Long Beach, CA) was purchased to prepare model
inkjet printed newspaper.
2.2.2

Methods

2.2.2.1 Preparation of model inkjet printed newspaper
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A black and white image of the INGEDE gray deinking test page[5] was chosen to ensure
the reproducibility of printed newspaper samples. The model newspaper was printed by a
commercial pigment-based inkjet ink HP 60 on one side of blank newspaper with an inkjet
printer (Deskjet 1000, HP, Palo Alto, CA).
2.2.2.2 Standard deinking procedure INGEDE Method 11
International Association of the Deinking Industry (INGEDE) Method 11[6] was used for
the deinking method in many of the following experiments. INGEDE Method 11 is a
laboratory scale deinking procedure that was developed to approximate the deinking
performance of a given sample for industrial deinking operations. The printed samples in
lab were shredded to the size of 2cm * 2cm. After that, the small pieces of samples were
immersed to deinking solution with sodium hydroxide (0.6%), sodium silicate (1.8%),
oleic acid (0.8%) and water with hardness of 128 mg Ca2+/L, and shredded under
mechanical force for 20 min. The pulp was then stored at 40°C for 1 hour to allow for
increased ink detachment, and floated in a 5L flotation cell by a Denver flotation device to
remove the inks for 10 min. All deinking samples followed the INGEDE Method 11
procedure unless specified otherwise.
2.2.2.3 Evaluation of pulping chemicals for deinking of hydrophilic inks
A factorial design of experiments was performed with the absence of the deinking
chemicals (“0”) or normal loading of deinking chemicals (“1”), as shown in Table 2-1. All
the other experiment conditions followed INGEDE Method 11. The effects of each
chemical and the synergistic effects called “interaction” between each of the chemicals
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were studied by comparing the %ISO Brightness and effective residual ink concentration
(ERIC) of paper pad samples from different conditions following the Yates algorithm.
Table 2-1 Factorial design of experiments to study the effect of pulping chemicals to
deinking performance.

Sodium

Sodium

Oleic

Calcium

hydroxide

silicate

acid

ions

1

1

0

0

0

2

1

1

0

0

3

1

0

1

0

4

1

0

0

1

5

1

1

1

0

6

1

1

0

1

7

1

0

1

1

8

1

1

1

1

9

0

0

0

0

10 0

1

0

0

11 0

1

1

0

12 0

1

0

1

13 0

1

1

1

14 0

0

1

0

15 0

0

1

1

16 0

0

0

1

2.2.2.4 Lignosulfonate stabilization to prevent ink redeposition during pulping
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The effect of lignosulfonate to prevent redeposition of hydrophilic ink was evaluated using
a variation of Method 11. In the modified method, unprinted newsprint was used instead
of hydrophilic ink printed newsprint with all deinking chemicals and 3 mass%
lignosulfonate on fiber, and ink was added to the pulp slurry after 2 min of the pulping
stage. The pulping stage lasted for another 20 min and pulp samples were collected to make
paper pads for ERIC measurement. The effect of lignosulfonate on ink redeposition
prevention was studied by comparing the ERIC of samples with and without
lignosulfonate. The mass of ink added was approximately the same amount of ink that was
printed on newspaper, which was determined by finding the average mass of ink per mass
of paper for the hydrophilic ink printed newsprint. The average mass of ink per mass of
paper was determined by weighing 100 pieces of paper before and after printing. Three
runs of each trial were performed for each experiment.
2.2.2.5 Hyperwash of deinking pulp
Hyperwashing was performed after the pulping or flotation step described in any deinking
procedure. The pulp slurry was diluted to 0.02% consistency during hyperwash and then
screened through a 100-micron screen (McMaster-Carr, Atlanta, GA). The screened pulp
was used to make paper pad samples for effective residual ink concentration (ERIC) and
ISO% Brightness measurement following INGEDE Method 1. Hyperwash could remove
all the inks in liquid phase to avoid ink redeposition during pad formation.
2.2.2.6 Evaluation of hydrophilic inks behavior during pulping
The hydrophilic ink behavior was determined using three independent modifications to the
Method 11 deinking procedure. The effective residual ink concentration (ERIC) of each
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modification was measured. These three modifications were lignosulfonate &
hyperwashing, INGEDE Method 11 & hyperwashing, and INGEDE Method 11 pulping &
flocculants.
For lignosulfonate & hyperwashing, 3% lignosulfonate was added to the pulp at the
beginning of pulping to prevent the ink redeposition during pulping, and the pulp was
hyperwashed following the procedure described before. In the next modification INGEME
Method 11 & hyperwash, hyperwashing was performed on the pulp at the completion of
the standard Method 11 deinking procedure. Hyperwash could remove all the inks in liquid
phase to avoid ink redeposition during pad formation. At last, the INGEDE Method 11
pulping & flocculants only followed the pulping portion of the Method 11 procedure and
2 grams of cationic polymer, Nalco® 74508 was dosed to retain the entire sample of ink
on fiber. The cationic flocculent is necessary because a portion of the negatively charged
ink particles will be removed in the liquid phase during the sample formation without the
flocculent. The pulp didn’t go through flotation.
2.2.2.7 Evaluation of pulping consistency on bound and redeposited inks
The effect of pulping consistency on bound and redeposited inks was studied following the
procedures of lignosulfonate & hyperwashing and Method 11 described in the last section,
with three different consistency level, 5% 10% and 15%. The total redeposited ink was
defined as the combination of the ink redeposited during pulping and the ink redeposited
during paper formation.
2.2.2.8 Adsorbents selection
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Two adsorbents, chitosan and talc, were selected to determine the adsorption capacity of
hydrophilic inks. 0.5 g/L original ink suspension (HP 60) suspension was prepared and 1
grams of the adsorbent material was added to 1 liter ink suspension. The concentration of
ink remaining in solution was measured by UV/Vis spectroscopy (Spectronic 601, Milton
Roy, Ivyland, PA) at 300nm after mixing overnight.
Chitosan showed a much higher adsorption capacity than talc and the adsorption kinetics
of chitosan was studied further. The same 0.5 g/L original ink suspension was prepared
with 1 grams of chitosan added to 1 liter ink suspension. 3 mL ink suspension sample was
taken from the system and filtered through a 1 micron filter paper. The filtrate was analyzed
by UV-vis spectroscopy to calculate the ink particle concentration. The size of ink is 60nm
based on dynamic light scattering measurement by Malvern Zetasizer Nano ZS90 so inks
were retained in the filtrate.
To study the adsorption isotherm of hydrophilic ink onto chitosan, the chitosan
concentration was 0.275 g/L, and the initial ink concentration varied from 0.35 g/L to 0.5
g/L. Then, the suspension was mixed for 24 hours and filtered through a 1 micron filter
paper. The ink concentration of filtrate was measured by UV-vis spectrometer. Similarly,
for the adsorption isotherm of hydrophilic ink onto cellulose fiber, a pulp was prepared
from unprinted newsprint at a consistency of 0.5%, and an ink suspension was made with
1% (w/w) ink. Then, various ratios of these suspensions were mixed ranging from 100200 grams of pulp suspension and 15-200 grams of ink suspension. The samples were
mixed for 24 hours, and the ink concentration was then measured by UV-Vis spectrometry
through supernatant after centrifuging samples for 2 hours at 2000 RPM.
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The adsorption capacity was calculated by Equation 2.1

q

(Ci  Ce )V
m

(2.1 )

Where 𝐶𝑖 is the initial ink concentration, 𝐶𝑒 is the ink concentration during equilibrium, 𝑉
is the volume of ink solution and 𝑚 is the mass of absorbent.
2.2.2.9 Adsorption deinking procedure
Deinkability tests were carried out with 100% hydrophilic pigmented inkjet printed
newsprint prepared from the printing procedure described previously. For the chitosan
adsorption deinking experiments, 20% chitosan by fiber mass was added with the
hydrophilic inkjet printed paper during the pulping step following the same procedure as
Method 11. However, after pulping, the chitosan was separated from the pulp and no
flotation was performed. The ISO% Brightness and Effective Residual Ink Concentration
(ERIC) were measured and compared with the value of samples from standard Method 11.
2.2.3

Characterization

Pulp samples were taken after pulping as well as after flotation. An undeinked paper pad
was made from the pulp taken after pulping, and deinked paper pad were made from pulp
samples after either adsorption deinking, flotation or hyperwash. The paper pads were
made according to INGEDE Method 1. Brightness and effective residual ink concentration
(ERIC) were measured for each of these samples using a Technidyne ColorTouch ISO
(Technidyne; New Albany, IN, USA).
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2.3
2.3.1

Results and Discussion
Evaluation of pulping chemicals for deinking of hydrophilic inks

A standard deinking method called INGEDME Method 11 was developed to emulate
industrial deinking systems for laboratory scale deinking and the chemicals in INGEDME
Method 11 have been optimized for the deinking of hydrophobic inks. The deinking
chemicals in Method 11 include oleic acid, sodium silicate, hydrogen peroxide, sodium
hydroxide, and calcium chloride. Sodium hydroxide could swell the paper fibers and
improve the ink detachment in an alkaline condition. Additionally, sodium silicate acts as
a dispersant, which improves detachment of the ink from the paper fiber and prevents ink
redeposition[7]. Finally, oleic acid complexes with calcium ions and acts as a coagulant
to agglomerate ink particles to around 10 microns which is more suitable for separation by
flotation. However, the hydrophilic inkjet inks in our study are very different from
traditional hydrophobic inks. For example, the size of hydrophilic ink is only 60 nm and
the zeta-potential is -35 mV. It is unclear if the functions of deinking chemicals carry over
for hydrophilic inks.
All the chemicals used for INGEDE Method 11 except hydrogen peroxide were evaluated.
Hydrogen peroxide was excluded from this analysis because this study focused on the
removal of ink through flotation instead of bleaching effect. Figure 2-1 and Figure 2-2
shows that sodium hydroxide, oleic acid, and sodium silicate have a positive effect on
deinking of hydrophilic inks during pulping, i.e. high value of ISO% Brightness and low
value of ERIC, while calcium chloride has a negative effect. There are three implications
from the results. First, it has previously been shown that calcium chloride causes deposition
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of hydrophilic flexographic inks during the formation of paper, so this is consistent with
results above[8]. Second, the sodium hydroxide seems to have a beneficial effect on
deinking in this study. Previous researches on neutral deinking have shown some
conflicting result[9-19]. A well accepted theory is that ink would be more dispersed under
higher pH, leading to deposition into the fiber lumen. On the other hand, neutral condition
would reduce the electrostatic repulsion between ink particles, and between ink particles
and fibers. Thus, the redeposition seems most to be at the fiber surfaces[9]. At last, sodium
silicate causes dispersion, which has previously been shown to improve detachment of
hydrophilic ink during pulping[20-21].
Next, the interaction between the deinking chemicals can be seen from Figure 2-1 and
Figure 2-2. Interaction represents the synergistic effect between different factors, which
was calculated by Yates algorithm. For hydrophobic inks, the interaction between oleic
acid and calcium is thought to act as a collector for flotation. But this secondary interaction
is not observed for hydrophilic inks. Instead, a tertiary effect appeared between sodium
hydroxide, oleic acid and calcium ions, which suggests that the synergistic effect of oleic
acid and calcium ions is dominant under high pH levels. As discussed earlier, ink particles
could agglomerate under neutral conditions, which makes effect of the oleic/calcium
collector less significant.
Based on the study, more research work is needed to have a better understanding on pulping
chemicals. In addition, the chemical dose will carry over to all the downstream operations
including flotation, washing, etc., which further complicates the situation. Thus, the same
pulping chemicals were applied and followed in the other sections of the paper.
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Figure 2-1 Effect of INGEDE Method 11 deinking chemicals and interactions between
each of the deinking chemicals on ISO% Brightness of newsprint printed with
pigmented inkjet ink.

Figure 2-2 Effect of INGEDE Method 11 deinking chemicals and interactions between
each of the deinking chemicals on ERIC of newsprint printed with pigmented inkjet
ink.
2.3.2

Lignosulfonate stabilization to prevent ink redeposition

Previous research has shown that lignosulfonate is an effective stabilizer for nanoparticles,
polymers and dyes due to both electrostatic repulsive forces and steric repulsive forces[22-
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25]. In addition, lignosulfonate could also adsorb to paper fibers through hydrophobic
interactions[26-27]. Thus, it is possible that lignosulfonate also prevents redeposition of
hydrophilic ink. The influence of lignosulfonate on the redeposition of hydrophilic
pigmented inkjet ink onto unprinted newsprint was evaluated by dosing ink with/without
lignosulfonate into unprinted clean pulp slurry during pulping. The amount of ink required
was determined using the average mass of inkjet ink per mass of paper fiber. On average,
there are 0.0031g inkjet ink printed on one piece of newsprint with average weight of 2.928
g. Figure 2-3 shows the ERIC value of pulp slurry under different conditions and the ERIC
of pulp slurry with lignosulfonate and ink was far smaller than that without lignosulfonate.
In addition, the ERIC of pulp slurry with lignosulfonate and ink was very close to that of
unprinted clean paper fiber without ink. Thus, lignosulfonate has been proved to prevent
the majority of the redeposition of hydrophilic inks during pulping.

Figure 2-3 Evaluation of proportion of ink redeposited during paper recycling with
and without lignosulfonate using a variation of INGEDE Method 11.
2.3.3

Ink behavior during pulping operation
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There are still some gaps in the understanding of the behavior of hydrophilic inks during
deinking operations. It is always assumed that hydrophilic inks are quickly dispersed
during pulping and then redeposit onto fiber surfaces[1]. However, a method to distinguish
between bound ink and redeposited ink is still missing. As a result, a thorough investigation
of the behavior of hydrophilic ink during paper recycling is not possible. In this section,
the fate of hydrophilic inks was investigated based on a new method.
Table 2-2 Deinking methods for determination of behavior of hydrophilic inks during
paper recycling operations.

Bound Ink

Redeposited Ink

Redeposited

(Pulping)

(Paper Formation)

Lignosulfonate & Hyperwashing

X

Method 11 & Hyperwashing

X

X

Method 11

X

X

X

Method 11 & Flocculent

X

X

X

Ink

Separated

Ink

(Flotation & Filtrate)

X

Since lignosulfonate has been shown to prevent ink redeposition successfully, a set of
experiments were designed to find the proportion of the hydrophilic ink that is bound along
with the proportion of ink that is redeposited either during the pulping operations or during
papermaking operations. For the purposes of this experiments, the ink is defined as
“bound”, redeposited (during pulping or during formation), and free ink, and each of these
proportions were evaluated using a series of modifications to INGEDE Method 11. These
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values can be estimated based on the deinking performance of each of the deinking
methods in the series, which included lignosulfonate & hyperwashing, INGEDE Method
11 & hyperwashing, standard INGEDE Method 11, and INGEDE Method 11 pulping &
flocculants. Each method distinguishes a specific type of ink as shown in Table 2-2.
Lignosulfonate & hyperwashing shows the total of ink that is bound during typical pulping
operations since redeposition during pulping and pad formation are inhibited by
lignosulfonate and hyperwash, respectively. INGEDE Method 11 & hyperwashing shows
the amount of ink that is bound and redeposited during pulping during typical pulping
operations because hyperwash could wash away all the residual inks in water phase after
pulping. Standard Method 11 shows the amount of ink that is bound and redeposited during
pulping and pad formation. Finally, INGEDE Method 11 pulping & flocculants is able to
show the total amount of ink present on the paper because all the inks redeposit onto the
fiber with flocculants.
The results of these pulping methods are shown in Figure 2-4, and the amount of ink that
is bound, redeposited during pulping, redeposited during paper formation, and free inks
were estimated by comparing all of these methods, which is summarized in Table 2-3.
There are three significant aspects of this data. First, the proportion of bound ink was 16%,
which is contrary to previous theories that assumed fast and completely dispersion of
hydrophilic ink during pulping. Thus, pulping with higher consistency or longer time, while
avoiding redeposition, is a key to reduce the bound ink on fiber. Second, the severe
redeposition of inkjet ink occurs both in pulping and in pad formation. This result is
consistent with a previous research about hydrophilic flexographic ink[8]. In addition, the
reason for ink redeposition during pad formation is the high concentration of ink in water
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phase. So a method to remove ink during pulping could prevent ink redeposition during
pulping and paper formation. Finally, the proportion of hydrophilic ink that is redeposited
was about twice as much as the bound ink. Thus, the major concern for improving the
deinkability of hydrophilic inks is to prevent redeposition of the inks. Another interesting
note is that the estimation of redeposition of ink during pulping is consistent when
comparing the redeposition of ink from Figure 2-3 and Figure 2-4.

Figure 2-4 ERIC measurements for various adaptations of INGEDE Method 11 for
determination of the fate of pigmented inkjet ink during paper recycling.
Table 2-3 Estimated mass percent of pigmented inkjet ink that is bound and
redeposited during pulping or pad formation determined from Figure 2-4.

Bound Ink

Mass% Ink

2.3.4

15.8

Redeposited

Redeposited (pad

Separated Ink

(pulping)

formation)

(Flotation & Filtrate)

13.7

17.9

52.6

Evaluation of pulping consistency on bound and redeposited ink

After performing this analysis, it is necessary to understand the proportion of bound ink
and redeposited ink on the fiber under different pulping consistencies in order to reduce
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the residual ink on fiber surfaces. Generally speaking, increasing pulping consistency has
a similar effect with increasing pulping time[1-2, 9-10, 19]. Longer pulping time induces
ink fragmentation and provides more time for ink redeposition. Similarly, ink
fragmentation and redeposition is also controlled by friction level, which is the result of
pulping consistency[10]. However, a certain level of pulping is also essential to detach ink
from fiber surface and get acceptable defibering of the raw material. The trade-off between
the two phenomena is the key for inkjet deinking. Furthermore, from application
perspective, it is far more beneficial to pulping at higher consistency, than pulping for
longer time. So effect of pulping consistency on bound and redeposited ink was studied by
following the method in the last section.
Lignosulfonate & hyperwashing and Standard Method 11 from last section was performed
to measure the “bound” and “redeposited ink” and the pulping consistency was changed to
5% and 10%. As can be seen from Figure 2-5, the proportion of redeposited ink decreased
as the consistency decreased which can be explained by lower ink concentration in the
water phase, and weaker fiber-fiber friction under low consistency. In addition, when
looking at the portion of bound ink, the bound ink decreased as the consistency increased
from 5-15%. Thus, the optimal pulping method for hydrophilic ink should be able to inhibit
redeposition without sacrificing pulping time/consistency to ensure the detachment of inks
from fiber surfaces.
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Figure 2-5 Bound vs. redeposited inks under different pulping consistencies.
2.3.5

Adsorption deinking

Based on the ink behavior analysis, research was focused on the prevention of inkjet ink
redeposition. Kemppainen[2] proved the importance of removing the detached inks as soon
as they have been detached in order to prevent redeposition. Adsorption deinking is an
ideal option since pulping and deinking happens simultaneously. Besides that, adsorption
deinking has other advantages, including energy and water saving[3-4, 28], potential to
remove mixed inks with different adsorbents, and adsorbent regeneration with surfactant
solutions[29].
The removal of ink using adsorption deinking depends strongly on the adsorbent that is
used. Two different adsorbents, talc and chitosan were chosen because of their ability to
form hydrogen bonds with hydrophilic ink particles, and the adsorption capacity was
determined in an ink/water suspension without the presence of cellulose fibers. As shown
in Figure 2-6, talc adsorbed 30% ink particles from aqueous suspension and chitosan
reduced the concentration of ink by over 90%. Chitosan has been widely used for dye
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removal and heavy metal removal. The adsorption property attributes to the amino groups
through electrostatic attraction, and hydroxyl groups through hydrogen bonding[30]. Since
the ink particles have a pKa value of 4 and they are negatively charged in water, both
electrostatic attraction force and hydrogen bonding exist between chitosan and ink.
However, talc consists of two types of surface area, namely uncharged hydrophobic planes
and negatively charged hydrophilic edges[31]. Thus, overall adsorption is driven by
hydrophobic interaction[32] and physical entrapment because the electrostatic repulsion
force prevents the adsorption of ink onto edges. This could also be the reason why talc is
not as effective as chitosan for ink adsorption. So chitosan was selected as the deinking
adsorbents to study in this section.

Figure 2-6 Adsorption performance of Talc and Chitosan without the presence of
fibers.
The adsorption isotherms and kinetics of chitosan were further studied. As described
previously chitosan can remove 90% of ink particles from solution.

However, the

adsorption kinetics from Figure 2-7 showed that the ink removal was only about 50% for
pigmented inks during the 20min time frame of deinking, which suggests that an adsorbent
with faster kinetics could improve the adsorption deinking efficiency. Additionally, it can
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be concluded from Figure 2-8 that the adsorption isotherm followed Langmuir model with
maximum adsorption capacity of chitosan and cellulose fiber was 1.7 g ink/g chitosan and
0.8 g ink/g fiber, respectively. The adsorption capacity of chitosan is significantly greater
than that of cellulose fiber, which is a fundamental basis to ensure that chitosan could
compete over cellulose fibers for ink adsorption.

Figure 2-7 Time dependent adsorption of pigmented inkjet ink using chitosan.

Figure 2-8 Equilibrium adsorption isotherm of inkjet ink onto chitosan and fiber.
Although chitosan removes ink particles from aqueous suspensions, it is still unknown
whether the same performance can be observed during pulping with the presence of fibers.
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Thus, it is necessary to test chitosan adsorption deinking for deinking printed paper. For
newsprint recycling purposes, the ISO Brightness should reach 58% with ERIC lower than
200 ppm. In this study, the undeinked samples have 44% ISO Brightness with 900 ppm
ERIC.

Figure 2-9 Impact of chitosan adsorption deinking on the ISO% Brightness and ERIC
of pigmented-based inks pulped at 15% consistency.
As can be seen in Figure 2-9, standard INGEDE Method 11 improved the ISO Brightness
to 49% and reduced ERIC to 450 ppm. However, the ISO brightness for the pulp deinked
with chitosan was only 45% which was much darker than the standard method. This
suggests that the attraction interaction between the detached ink and the chitosan is not
strong enough for adsorption. A possible reason is that the majority of the water in the
system is bound to the fiber surfaces at 15% consistency and this consistency is too high
to have good mixing between chitosan and fiber. As a result, the attachment of ink to the
chitosan surface is prevented. Because of this, 10% consistency was chosen to facilitate the
transfer of ink particles into the liquid phase and enhance the mixing between chitosan and
fiber, which will more closely approximate the removal of ink from an ink/water solution.
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At 10% consistency, the adsorption deinking had a much higher efficacy as shown in
Figure 2-10. Compared with INGEDE Method 11, the adsorption deinking improved the
ISO Brightness by 5 more points, while reducing ERIC by additional 70 ppm, besides 90%
reduction in water consumption and 20% reduction in energy consumption.

Figure 2-10 Impact of chitosan adsorption deinking on the ISO% Brightness and
ERIC of pigmented-based inks pulped at 10% consistency.
2.4

Conclusions

The effects of pulping chemistry and consistency to inkjet deinking were studied and the
ink behavior during pulping and papermaking was also investigated. According to the
ERIC value of different scenarios, about 50% of inks could be removed through flotation,
while 32% would redeposit onto the fiber and the rest 18% are bound inks. Thus, adsorption
deinking that could prevent ink redeposition is of great importance to inkjet deinking.
Chitosan was selected as an adsorbent to show that about 50% of pigmented-based inkjet
inks can be effectively adsorbed in the time frame of pulping due to the hydrogen bonding
potential of chitosan. It was also shown that chitosan could improve ISO Brightness by 5
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points during pulping of 100% inkjet printed newsprint when the consistency is adjusted
to 10%. For future study, it is important to focus the development of an adsorbent with
faster kinetics and greater capacity, and adsorbents for mixed waste paper.
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ELECTROFLOTATION AND ELECTRIC
TREATMENT ASSISTED FLOTATION

3.1

Introduction

Electric treatment has been applied in wastewater treatment[1-4], sludge dewatering[5-9],
algae harvesting[10-12], mineral recovery[13-14] and particles agglomeration[15-18]
through three different mechanisms, including electrocoagulation, electroflotation and
electrophoresis. Both electrocoagulation and electrophoresis could agglomerate particles
in water, while electroflotation generates fine bubbles with greater surface area. As a result,
bubbles are more likely to catch larger particles in water and float to the water surface.
Based on this theory, the current work focuses on the impact of electric treatment on
hydrophilic inks agglomeration and on deinking efficiency. The effects of anode material
and electric treatment time on deinking performance were also investigated to understand
the electric treatment mechanism and optimize the electric treatment process. Finally, a
combined treatment was established to recycle hydrophilic ink printed paper.
3.2
3.2.1

Experimental procedure
Materials

Deionized (DI) water from an ion-exchange system with a resistivity of greater than 18
MΩ cm-1 was used in all described experiments. All the deinking chemicals, including
NaOH (AR), CaCl2 (AR), Na2SiO3 (AR), and H2O2 (AR), were obtained from VWR
International. Oleic acid used in deinking experiments was 80% (w/w). The printing
substrate, blank newsprint was purchased from Uline and the product code is S-19325. The
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basis weight is 30lbs. and the ISO brightness is 58%. A commercial pigment-based
hydrophilic inkjet ink (HP 60, LD Products, Long Beach, CA) was purchased to prepare
model hydrophilic ink printed newspaper. Stainless steel and graphite electrode were
purchased from McMaster-Carr.
3.2.2

Methods

3.2.2.1 Electric treatment of ink suspension in DI water
0.5 mL ink was dispersed in 1L DI water to prepare 0.5g/L ink suspension. The suspension
was treatment with 3.6kV and 200mA with stainless steel or graphite as anode, and
stainless steel container as cathode for 30min. The container has 13 cm in length and width,
with 19cm in height. The lower end of anode was 3cm below the surface of water.
3.2.2.2 Preparation of model hydrophilic ink printed newspaper
A commercial pigment-based hydrophilic inkjet ink (HP 60, LD Products, Long Beach,
CA), was used to print a black and white image of the INGEDE gray deinking test page[19]
on one side of blank newspaper (30 lbs. newsprint sheets, Uline, Pleasant Prairies, WI)
using an inkjet printer (Deskjet 1000, HP, Palo Alto, CA). The INGEDE deinking test page
was chosen to ensure the reproducibility of printed newspaper samples.
3.2.2.3 Standard deinking procedure INGEDE Method 11
International Association of the Deinking Industry (INGEDE) Method 11[20] was used for
the deinking method in many of the following experiments. INGEDE Method 11 is a
laboratory scale deinking procedure that was developed to approximate the deinking
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performance of a given sample for industrial deinking operations. The printed samples in
lab were shredded to the size of 2cm * 2cm. After that, the small pieces of samples were
immersed to deinking solution with sodium hydroxide (0.6%), sodium silicate (1.8%),
oleic acid (0.8%) and water with hardness of 128 mg Ca2+/L and pulped with mechanical
force for 20min. The pulp was stored at 40°C for 1 hour to allow for increased ink
detachment, and floated in a 5L flotation cell by a Denver flotation device to remove the
inks. All deinking samples followed the INGEDE Method 11 procedure unless specified
otherwise.
3.2.2.4 Electric treatment and flotation simultaneously
The flotation procedure is the same with INGEDE Method 11, except that DI water was
applied to dilute the pulp slurry after pulping. Either stainless steel or graphite electrode
was applied as the anode, and the stainless-steel flotation cell was connected to the cathode.
The treatment voltage is 1kV and current is 250mA. The treatment was conducted with
flotation simultaneously for 10min as in Figure 3-1(a).
3.2.2.5 Electric treatment of pulp slurry
Pulp slurry was diluted to 1% solid by water with hardness of 128 mg Ca2+/L and treated
with electric charge by 0.5h, 1h, or 2h, with 0.06kV and 400mA as shown in Figure 3-2(b).
The pulp slurry was agitated by an impeller with 500 rpm.
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Figure 3-1 Apparatus for electric treatment (left a) with flotation (right b) alone.
3.2.2.6 Hyperwashing of deinking pulp
Hyperwashing can be performed after the pulping or flotation step described in any
deinking procedure. In order to hyperwash the pulp, it was diluted to 0.02% consistency.
The paper fibers were then screened out of solution using a 100-micron screen (McMasterCarr, Atlanta, GA). The pulp was then used to make filter pad samples for effective residual
ink concentration (ERIC), ISO% Brightness. Hyperwash could remove all the inks in liquid
phase to avoid ink redeposition during pad formation.
3.2.3

Characterization

3.2.3.1 Particle size and zeta-potential of hydrophilic ink
The particle size and zeta-potential of hydrophilic ink was analyzed using a zetasizer
(Malvern Zetasizer Nano ZS90, Malvern Instrument Co. Ltd., UK). The particle size was
measured 10 times with 50 scans each cycle. The zeta-potential was measured in DI water,
50mM NaCl and 100mM NaCl solutions. with ink concentration of 0.2g/L. The pH of the
suspension was then adjusted to several values by adding HCl or NaOH solution.
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3.2.3.2 Chemical structure of hydrophilic ink
Silicon wafers were spin-coated with ink suspension prior to XPS measurement. XPS
analysis was performed with Thermo K-Alpha XPS. The XPS spectra of the cellulose ﬁlms
were obtained using a monochromatic Al Ka X-ray source (1486.6 eV) at a voltage of 15
kV and a current of 10 mA. The vacuum level of the analyzing chamber was maintained
below 5E-7 Pa during the measurements. The pass energy and step width during the survey
scan were set at 200 eV and 1 eV, respectively. In the element narrow scan mode, these
scan parameters were set at 50 and 0.1 eV, respectively. The binding energies for all spectra
were determined with respect to the C 1s reference signal (unoxidized C–C band) at 285.0
eV.
3.2.3.3 Fiber sample preparation and measurement
Pulp samples were taken after pulping, after electric treatment, after flotation and after
washing. An undeinked filter pad was made from the pulp taken after pulping, and deinked
filter pad were made from pulp samples after either electric treatment, flotation or
hyperwash. The filter pads were made according to INGEDE Method 1. Brightness and
effective residual ink concentration (ERIC) were measured for each of these samples using
a Technidyne ColorTouch ISO (Technidyne; New Albany, IN, USA).
3.3
3.3.1

Results and Discussion
Hydrophilic ink property and the effect of electric treatment on ink size

Before studying deinking process of ink printed paper, it is necessary to have a basic
understanding of the ink structure and property. Based on dynamic light scattering and
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zeta-potential measurement shown in Figure 3-2, the size of ink is 60 nm and ink particles
are highly negatively charged with isoelectric point of pH=4. The ink particles also show
electric double layer screening effect when additional electrolytes were introduced. In
addition, XPS spectrum in Figure 3-3 shows that ink only contains carbon and oxygen that
oxygen element renders carbon black hydrophilic. As described previously in the paper,
the submicron size, high surface charge density and hydrophilic surface are the major
reasons why hydrophilic ink is not compatible with flotation deinking. Thus, the
hydrophilic ink in our study is a good representative for inks that caused problems in paper
mill.

Figure 3-2 Zeta-potential of ink particles (0.2g/L) in water under different pH and
ionic strength.
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Figure 3-3 XPS spectrum of inks (a) survey (b) carbon (c) oxygen.
The electric treatment has multiple effects simultaneously, including electroflotation,
electrocoagulation and electrophoresis. Graphite anode is very stable while stainless steel
electrode releases metal ions, causing electrocoagulation. Electrocoagulation could be very
beneficial for hydrophilic ink removal because it can agglomerate ink particles. In order to
verify this hypothesis, ink particles were dispersed in DI water to suppress current density
and inhibit electroflotation effect. The ink particle after electric treatment is shown in
Figure 3-4. Both graphite and stainless steel electrode agglomerated ink particles to 400nm
and 700nm, respectively. The agglomeration with graphite electrode is mainly driven by
electrophoresis. Since the ink particles are highly charged in water, they have a tendency
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to migrate under electric field and increase the local particle concentration[15, 21-23]. As
a result, particles are more likely to collide in high concentration region, increasing particle
size. However, stainless steel further increased particles to 700nm because the process is
driven by both electrophoresis and electrocoagulation. Besides electrophoresis, the metal
ions from stainless steel anode increase ionic strength and screen the electrostatic repulsion
between particles and agglomerate ink particles.

Figure 3-4 Effect of electric treatment on ink size without the presence of fiber.
3.3.2

The effect of electric treatment on flotation deinking

Although ink particles increased dramatically after electric treatment, it is still a question
whether ink can be removed by electric treatment assisted flotation. However, the effect of
electric treatment on cellulose fiber had to be investigated because the change in fiber color
would interfere with the effective residual ink concentration (ERIC) measurement. The
influence of flotation, and flotation with electric treatment simultaneously to fiber ISO%
brightness and ERIC was studied as shown in Figure 3-5. Since there were no ink particles
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on fiber, the ISO% Brightness was around 60 and ERIC was lower than 30ppm. And there
was no significant difference between the samples with and without electric treatment.
Since electric treatment doesn’t change fiber brightness, the electric treatment assisted
flotation was studied. Standard sheet samples were printed in order to make reproducible
samples. The INGEDE Method 11, an optimized standardized method for offset deinking
was followed to deink hydrophilic ink printed paper. The ISO% Brightness and ERIC of
fiber pads after pulping, flotation and flotation with electric treatment are shown in Figure
3-6. Traditional flotation only removed very small amount of inks that ERIC dropped 20
ppm. This phenomenon is consistent with the ink property in the first section. However,
electric treatment with flotation simultaneously both decreased ERIC and increased the
ISO% Brightness. The ISO% brightness was increased by almost 2 points and ERIC was
reduced by another 70 ppm when the pulp was electrically treated with graphite as anode.
The reduction in ERIC can be explained by electroflotation and electrophoresis
mechanism. It has been shown that electrophoresis increases size of ink particles and
electroflotation generates bubbles with fine size through water electrolysis which increases
the surface area of air bubbles greatly. This combinational effect accounts for the reduction
in ERIC because air bubbles are more likely to catch ink particles with greater size.
When the anode material is stainless steel, the ERIC reduction was similar to graphite while
the improvement in ISO% Brightness was only 0.5 point. Stainless steel electrode can
increase ink particle size even more with electrocoagulation, which should have further
improved flotation efficiency compared with graphite. However, this was not observed
from the experiment results so a series of experiment with electric treatment alone was
conducted to understand the mechanism.
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Figure 3-5 Effect of flotation and electric treatment assisted flotation on ISO%
Brightness and ERIC of unprinted fiber.

Figure 3-6 Effect of flotation and electric treatment assisted flotation on ISO%
Brightness and ERIC of printed fiber.
3.3.3

The effect of electric treatment on ink removal

The pulp was diluted to 1% consistency and electrically treated by graphite or stainless
steel anode for 0.5h, 1h and 2h under 0.06kV and 400mA. A thin layer of ink particles was
observed on the water surface through electroflotation and skimmed off. The yield can
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reach 99% because the electroflotation has a very high selectivity and only ink particles
are floated to water surface. As a result, ERIC went down after electric treatment from
950ppm to 850ppm in the case of stainless steel, and to 700ppm when graphite is anode.
And graphite electrode always showed a better removal performance compared with
stainless steel electrode in all the three different lengths of treatment time based on Figure
3-7. There are two possible reasons for this phenomenon. The first one is the redeposition
of ink during electric treatment. As discussed previously, metal ions from electric treatment
reduce the electrostatic repulsion through charge screening effect. Thus not only the
particle-particle repulsion, but also the particle-fiber repulsion is reduced, leading to the
redeposition of ink particles onto fiber surface. The other reason is the ink entrapment in
fiber network during sample preparation. Since the ink particle size is greatly increased
after treatment, they are easier to be entrapped into fiber network, resulting in a higher
residual ink value.
In order to understand which of the two is the major driver, the pulp was hyperwashed after
electric treatment before sample preparation. Hyperwashing removes ink particles in the
water phase, preventing ink entrapment during sample preparation[24]. If redeposition is
the major reason for high ERIC value, pulp samples treated by stainless steel anode should
have a higher ERIC compared with graphite after hyperwashing. However, if entrapment
is the major driver, ERIC values of graphite treated samples and stainless steel treated
samples should be very close because entrapment is prevented through hyperwashing. As
shown in Figure 3-8, samples with electric treatment by stainless steel electrode showed a
much higher ERIC value than graphite electrode even after hyperwashing. This proves that
ink redeposition during electric treatment is the reason for high ERIC value in samples
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with stainless steel anode. This mechanism also explains why stainless steel has a similar
flotation efficiency with graphite when electric treatment was conducted simultaneously
with flotation in the previous section. Although ink particle sizes are greater with stainless
steel anode, they also redeposit onto fiber during the flotation process. Thus the benefits
from larger ink particle size cancel out with the ink redeposition, and therefore additional
benefits were not observed.
Another interesting phenomenon from Figure 3-7 is the change in ERIC value with
different lengths of electric treatment time. With graphite anode, the residual ERIC value
dropped steadily with an increase in treatment time through electroflotation and
electrophoresis, while the ERIC value first increased and then decreased with treatment
time if stainless steel anode was chosen. This observation can also be explained by the
counter effect between electroflotation and ink redeposition. Both of the two effects benefit
from longer treatment time. However, the redeposition process is less sensitive to a high
ionic strength that the energy barrier by electrostatic repulsion force cannot be reduced
furthermore if the ionic strength is already very high. On the other hand, the electroflotation
effect benefits from longer treatment time continuously, and this explains why ERIC first
increased and then decreased with treatment time when stainless steel is anode.
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Figure 3-7 Effect of electric treatment on ERIC of printed fiber with different
electrodes and lengths of treatment time.

Figure 3-8 Effect of electric treatment on ERIC of printed fiber with different
electrodes and lengths of treatment time followed by hyperwashing.
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Figure 3-9 Effect of electric treatment on ERIC of printed fiber with different
electrodes and lengths of treatment time followed by flotation.
In the previous section, electric treatment was conducted simultaneously with flotation.
And with the understanding developed earlier in this section about electric treatment alone
and electric treatment followed by hyperwashing, it is interesting to study the flotation
efficiency after electric pretreatment. Figure 3-9 shows that any differences in ERIC
developed in electric pretreatment (Figure 3-7) disappeared after flotation that ERIC went
down to 550ppm in all conditions. However, the yield of flotation differed dramatically
that the yield of stainless steel treated sample was 80% while that of graphite was 97%,
which was consistent with observation during flotation that stainless steel treated samples
always had a thicker foam layer. It has been proved that salts are able to improve foam
stability and removal of particles due to weaker electrostatic repulsion force[25-27]. Thus,
the metal ions from stainless steel contributes to a stable foam and higher yield loss.
Although the fiber qualify was the same after flotation, graphite anode is still a better option
due to its high yield. However, the control experiment with only flotation reduced the ERIC
to 540ppm which is the same level of ERIC from electric pretreatment followed by
75

flotation. Thus, any advantages obtained from electric pretreatment diminishes after
flotation.
3.3.4

The effect of electric treatment on ink removal followed by flotation and
hyperwashing

In paper mills, fibers are extensively hyperwashed after flotation to remove fine particles.
Thus, pulp fibers were treated with flotation and hyperwash after electric pretreatment to
mimic the real recycling process. As shown in Figure 3-10, the fiber ERIC value further
dropped to 400ppm from 550ppm (Figure 3-9) when graphite was chosen, which is very
close to 250ppm recycling requirement. Thus, a combined electric pretreatment, flotation
and hyperwash process is a promising recycling method for hydrophilic inks. Another
important observation is the samples with stainless steel treatment for 2 hr. The ERIC
values were the same (550ppm) before and after hyperwashing as in Figure 3-9 and Figure
3-10, which further proves the redeposition mechanism of stainless steel electrode.
Although stainless steel electrode is a widely applied anode in wastewater treatment[13,
28-29], graphite is a better material as an anode in deinking application due to the
detrimental ink redeposition effect from metal ion induced electrocoagulation. At last, the
non-sacrificial nature of graphite also ensures a longer application life time.
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Figure 3-10 Effect of electric treatment on ERIC of printed fiber with different
electrodes and lengths of treatment time after flotation and hyperwashing.
3.4

Conclusions

Electric treatment was selected to improve the recycle of hydrophilic ink printed paper.
The electric treatment agglomerated ink particles from 60nm to 700nm. In addition, electric
treatment assisted flotation reduced ERIC by additional 70ppm compared with traditional
flotation. Furthermore, pulp samples were treated with electric treatment alone, electric
treatment followed by hyperwashing, and electric treatment followed by flotation to
understand the separation mechanism and optimize the process. Both electroflotation and
electrophoresis mechanisms improves separation efficiency with less than 1% yield loss
while electrocoagulation led to ink redeposition onto fiber. Thus graphite is a better
material candidate as anode compared with stainless steel. Graphite also showed a 17%
higher yield in flotation with electric pretreatment and longer application life time.
However, special attention has to be given to flotation because benefits from electric
pretreatment disappears after traditional flotation in this study. Finally, a combined process
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similar to paper mill recycling process was created and the ERIC value decreased to less
than 400ppm from original 950ppm. Electric treatment based on graphite showed great
separation efficiency and high yield, and it is a promising technology to solve separation
problems caused by sub-micron hydrophilic particles with high negative surface charge.
3.5
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PROBING BARRIERS TO PARTICLE
ADSORPTION AT FLUID-FLUID INTERFACES

4.1

Introduction

Solid particles can adsorb spontaneously onto fluid-fluid interfaces and act as stabilizers.
A series of functional materials have been developed including, Pickering emulsions[1-3],
Pickering foams[4-6], bijels[7-9], oil foams[10-11] and dry oil powders[12], and these
materials have been studied in a variety of applications like oil recovery[13], drug
delivery[14-15], catalysis[16], nanoporous membranes[17] and cosmetics[18]. A detailed
introduction to the thermodynamics and kinetics of particles adsorption to fluid-fluid
interfaces has been summarized in Chapter 1.4.2 and a comparison between different
kinetics models can be found in Appendix C.
In this chapter, we study and compare the kinetics of particles adsorption at air-water and
oil-water interfaces through the established method as in Equation 1.12 and Equation 1.13.
The effective diffusion coefficient can be obtained by the initial slope of dynamic
interfacial tension, and the energy barrier is calculated by comparing effective diffusion
coefficient and Stokes-Einstein diffusion coefficient. We specifically focus on the earlystage kinetics because this is the time regime when particle-interface interactions dominate
the adsorption kinetics, which is consistent with flotation separation theory. From the
difference in kinetics between air-water and oil-water interfaces, we show that particles
adsorb to oil-water interfaces faster than air-water interfaces, which can be rationalized by
attractive van der Waals interactions between particles and oil-water interfaces, and
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repulsive van der Waals interactions between particles and air-water interfaces. Finally, we
prove the efficacy of oil-coated bubble flotation in hydrophilic ink deinking.
4.2
4.2.1

Experimental procedure
Materials

Silicone oil with a viscosity of 10 cSt and a density of 0.93 g/mL was purchased from
Sigma-Aldrich with product code 378321. Deuterium oxide was also obtained from SigmaAldrich with produce code. A commercial pigment-based hydrophilic inkjet ink (HP 60,
LD Products, Long Beach, CA) was purchased to prepare model hydrophilic ink
suspension. This hydrophilic ink has been proven to be incompatible with traditional
flotation[19]. Ethyl cellulose (EC) particles were synthesized by following the previously
reported method[20-21]. 1 wt% of EC (Sigma-Aldrich, product code: 247499-100G) was
dissolved in acetone by stirring at 1100 rpm under 45 ̊C. An equal volume of ultrapure DI
water (18.2 MΩ•cm) was then quickly poured into the prepared EC solution under stirring
and the solution turned turbid because of EC nanoparticle precipitation. The suspension
was then stirred under 45 ̊C until all acetone was evaporated. The obtained EC suspension
was washed by acid precipitation, centrifugation, supernatant replacement by DI water and
sonication for five cycles to make sure the surface-active impurities from EC and acetone
were removed from the particle suspension. The EC suspension with different particle
concentrations were prepared by diluting the stock suspension with DI water and deuterium
oxide to ensure the ratio of DI water and deuterium oxide in final EC suspension is 1:1.
The addition of deuterium oxide could improve the accuracy of interfacial tension
measurement by increasing the density difference between the two phases[22].
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4.2.2

Methods and Characterizations

4.2.2.1 Particle size and zeta-potential
Particle hydrodynamic radius and zeta-potential of EC particles in water was measured by
dynamic and electrophoretic light scattering using a Malvern Zetasizer Nano ZS90.
4.2.2.2 Measurement of surface tensions and interfacial tensions
The dynamic surface and interfacial tension was measured via axisymmetric drop shape
analysis of pendant drops with a Ramé-hart goniometer (model-250). An inverted pendant
drop of oil or an air bubble immersed in the aqueous phase was created by a syringe pump
with a steel needle and the volume of the oil drop and air bubble was controlled by the
pump. This setup is identical to the flotation operation where air bubbles (dispersed phase)
are blown into particle suspension (continuous phase). A high-speed CCD camera was
programmed to capture the variation of oil drop/bubble shape with time and the
interfacial/surface tension was calculated by analyzing the contour shape resulting from
the balance of gravitational forces and tension forces. All experiments were performed at
room temperature of 21 C
̊ . The dynamic surface/interfacial tension was measured for two
different initial EC concentrations (0.05 and 0.08 wt%) and three NaCl concentrations
(0.2mM, 10mM and 20mM). The EC particle concentrations were chosen to make sure the
bulk concentration can be treated as a constant during the measurement[20]. At least five
identical measurements were repeated for each condition.
4.2.2.3 Contact angle
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Glass slides pretreated with Piranha solution were coated by 4% EC-ethanol solution with
spin coating (1500rpm, 30s). The measurements were carried out in a quartz cell filled with
water with an inverted setup because silicone oil is lighter than water. The prepared
substrate was submerged in the cell and suspended by a holder with the coated surface
facing downwards. A drop of silicone was squeezed out from a U-shaped needle.
4.2.2.4 Flotation deinking
Flotation deinking was performed to show the advantage of oil-coated bubbles over air
bubble. A flotation cell was designed and made in house with an oil chamber on the bottom
and the sample chamber on top separated by a fritted disk. Silicone oil was chosen because
it has a positive spreading coefficient and can fully engulf air bubbles. 100µL ink
suspension was diluted by 400mL DI water and the NaCl concentration was 100mL to
screen any electrostatic repulsion. The flotation was carried out for 3 min with an air flow
rate of 5000 cm-3/min.

/

Figure 4-1 Schematic diagram of a flotation cell made in house.
4.3

Results and Discussion
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4.3.1

The effect of EC particle concentrations and salt concentrations on adsorption
kinetics

EC suspension with average radii of 130nm was prepared with the previously described
method and the effect of two different EC concentration (0.05% and 0.08%) with three salt
concentrations (0.2mM, 10mM and 20mM) on adsorption kinetics were studied by
dynamic interfacial tensiometry as shown in Figure 4-2 and Figure 4-3. There was no
significant change in interfacial tension from control experiments with particle-free
supernatants of centrifuged particle dispersions, which proves the absence of surface-active
impurities in the system. All the dynamic interfacial tension curves showed a similar trend
that there was a significant decrease at initial time regime, followed by a sluggish change
indicating that the system approaches steady-state. At early stage, the surface coverage of
the interface is very low. Thus, the energy barrier for particle adsorption only originates
from particle-interface interactions. As the surface coverage increases, the adsorbed
particles create an additional energy barrier by (1) interfacial area blocking and (2) DLVO
forces between adsorbed particles and the particles near the interface. The energy barrier
at late stage is around 17kT (Appendix A Table A-1) and the possibility that particles can
overcome a 17kT energy barrier from only thermal fluctuation with energy level of kT is
very low. This explains why the change in interfacial tension at late stage is very small.
Previous study by Bizmark showed that EC suspensions with a concentration greater than
0.04% can prevent significant reduction in bulk concentration during the course of
measurement and reach surface tension of 38.9 ± 0.6 mN/m at steady state[20]. The steadystate dynamic surface tension from the current research in Figure 4-2 was 39.1 ± 0.8 mN/m
and in good agreement with data reported by Bizmark. The desorption energy ΔG =
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4.65×105 kT based on Equation 1.1 given EC contact angle θ = 73°[23]. In addition, the
maximum packing density Θmax can also be predicted from Equation 1.24 developed in a
recently publication[23]. The predicted value Θmax = 0.92, shows close agreement with the
assumption of hexagonal close packing density of 0.91. Similarly, the steady-state
interfacial tension for silicone oil-water interface from Figure 4-3 was 14.2 ± 0.7 mN/m,
which is equivalent to maximum packing density of 0.85 given EC contact angle θ = 84°
at silicone oil-water interface. The desorption energy ΔG of EC at oil-water interface is
4.40×105 kT and EC shows a strongly irreversible adsorption at both oil-water and airwater interfaces because the desorption energy is much greater than thermal fluctuation. It
can also be concluded from the desorption energy that one single EC particle shows a
similar thermodynamic benefit at air-water and oil-water interfaces. Thus, any differences
in the reduction rates of interfacial tension are caused by adsorption kinetics.
The effect of EC concentration on dynamic interfacial tension can be observed from Figure
4-2 and Figure 4-3 that higher EC concentration resulted in faster particle adsorption. This
can be explained by greater driving force for diffusion resulting from higher particle
concentration, especially from bulk to sublayer where the mass transfer is diffusion
controlled. However, it is difficult to conclude any significant effect of salt concentration
on dynamic interfacial tension.
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Figure 4-2 The dynamic surface tension of air-EC suspension as a function of EC
concentration and NaCl concentration.
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Figure 4-3 The dynamic interfacial tension of silicone oil-EC suspension as a function
of EC concentration and NaCl concentration.
4.3.2

Modelling of EC particle adsorption

The initial stage analysis was performed by fitting dynamic interfacial tension to Equation
1.13. For air-water interface, we define the “initial stage” as the time period when surface
tension drops 2mN/m from the starting value. For silicone oil-water interface, the same
method was applied with 3mN/m as the critical value. The fitted plots for air-water
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dynamic surface tension and silicone oil-water dynamic interfacial tension are shown in
Figure 4-4 and Figure 4-5, respectively and summarized in Table 4-1. In order to identify
whether there is a significant difference in early-stage adsorption kinetics between different
conditions, the results were analyzed by t-test in Appendix B and the same conclusion is
obtained for air-water interface and oil-water interface. With 95% confidence, one finds
difference in the early-stage slope between different EC concentrations (0.05% vs 0.08%),
and between different NaCl concentrations when they are in the lower end (0.2mM vs
10mM). However, the difference is not observed between different NaCl concentrations in
the higher end (10mM vs 20mM). The Debye length of particles with 10mM NaCl
concentration are 50% greater than that of the same particles with 20mM NaCl
concentration, yet no significant difference in adsorption kinetics were observed. Thus
10mM can be taken as a salt concentration when electrostatic interactions have minimal
effect on adsorption energy barrier. The dynamic interfacial tension of EC suspensions
with salt concentrations greater than 20mM cannot be measured due to the agglomeration
of particles[24]. The current findings are contradictory with a previous publication by
Bizmark, who showed that the adsorption kinetics was not influenced by salt concentration
as long as it is smaller than the critical coagulation concentration[24]. This inconsistency
is caused by different modelling methods for particle adsorption kinetics, and discussed in
Appendix C.
Additionally, early-stage interfacial tension shows a faster decrease at the oil-water
interface than at the air-water interface, indicating a lower energy barrier given their
comparable desorption energy.
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(a)

(b)

(c)

(d)

(e)

Figure 4-4 Plots of early stage dynamic surface tension data (a) 0.05% EC 0.2mM
NaCl (b) 0.05% EC 10mM NaCl (c) 0.05% EC 20mM NaCl (d) 0.08% EC 0.2mM
NaCl (e) 0.08% EC 10mM NaCl. Solid blue lines are linear regression with
parameters indicated in each panel.
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(d)

(e)

Figure 4-5 Plots of early stage dynamic interfacial tension data (a) 0.05% EC 0.2mM
NaCl (b) 0.05% EC 10mM NaCl (c) 0.05% EC 20mM NaCl (d) 0.08% EC 0.2mM
NaCl (e) 0.08% EC 10mM NaCl. Solid blue lines are linear regression with
parameters indicated in each panel.
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Table 4-1 Fitted slope and computed energy barrier from Equation 1.12 and Equation
1.13. The actual diffusion coefficient of EC particle is 1.7×10-12 m2 s-1.

Mass

Salt concentration

concentration (g/L)

(mM)

0.5

0.2

0.5

10

0.5

4.3.3

Type of
interface

dγ
d√t

ΔE (kT)

( N m−1 s−0.5 )

-3.69E-04 ± 1.91E-06

-2.02 ± 1.04E-02

-4.77E-04 ± 1.40E-06

-2.54 ± 5.86E-03

20

-4.81E-04 ± 8.54E-06

-2.55 ± 3.55E-02

0.8

0.2

-6.25E-04 ± 5.07E-06

-2.14 ± 1.62E-02

0.8

10

-7.68E-04 ± 7.19E-06
-3.69E-04 ± 1.91E-06

-2.55 ± 1.87E-02

0.5

0.2

-5.46E-04 ± 3.71E-06

-2.92 ± 1.36E-02

0.5

10

-6.66E-04 ± 7.23E-06

-3.32 ± 2.17E-02

0.5

20

-6.46E-04 ± 3.01E-06

-3.26 ± 9.33E-03

0.8

0.2

-9.23E-04 ± 1.82E-05

-3.02 ± 3.95E-02

0.8

10

-1.15E-03 ± 2.47E-05

-3.47± 4.29E-02

air-water

oil-water

ΔG (kT)

4.65E+0.5

4.40E+0.5

Energy barrier analysis based on the early stage modelling

Equation 1.12 and Equation 1.13 describe the relationship between the change in interfacial
tension and parameters that affects the kinetics and thermodynamics of the adsorption
process. The bulk concentration ceq, the Stokes-Einstein diffusion coefficient and the
energy barrier determine the kinetics, i.e. the time consumption when a particle diffuses to
the sublayer, overcomes the energy barrier, and adsorbs on the interfaces. On the other
hand, the desorption energy ΔG shows the thermodynamics of the process, i.e. the
magnitude in interfacial tension change when one particle adsorbs on the interfaces.
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The energy barriers for particle adsorption on interfaces were calculated based on Equation
1.12 and Equation 1.13, and summarized in Table 4-1. It is surprising that the particle
adsorption energy barriers were negative, indicating the absence of energy barrier.
However, this is contradictory with the experiment results that salt concentration shows a
significant impact on adsorption kinetics, demonstrating the presence of energy barrier
originated from electrostatic interactions. Thus, the negative energy barrier results from the
uncertainties in desorption energy.
It has been proved that the contact angles of particles at interfaces are not identical even if
they adsorb to interface from the same particle suspension[25-26]. Thus, there is a
discrepancy in contact angle measured from macroscopic film and the contact angle of a
single particle at interface. Thus, it is possible that the contact angle of particles that adsorb
on interfaces at early stage is greater than the bulk average because their wettability is more
favourable in reducing interfacial tension. Similarly, it is also well-known that dynamic
light scattering overestimates the particle size, and early adsorbed particles are expected to
be smaller than the bulk average because of lower energy barrier. As a result, it is necessary
to calibrate the desorption energy term to account for the uncertainties from contact angle
and particle size.
It has been shown by t-test that 10mM NaCl can eliminate the effect of electrostatic
interactions through screening effect. Thus, the effect of electrostatic interactions on energy
barrier was analyzed by comparing the energy barrier at 0.2mM NaCl and 10mM NaCl,
and the desorption energy was calibrated to obtain zero energy barrier when NaCl
concentration is 10mM as shown in Table 4-2. The energy barriers induced by electrostatic
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interactions are in the order of 0.4-0.5kT, and the magnitude of energy barrier is
independent of type of interfaces.
This observation is consistent with theoretical prediction. Electrostatic interactions have
two components, electric double layer component between the charged particles and the
charged interfaces, and image force component between the charged particles and its image
charges in the other medium which is air or oil in our case. For the electric double layer
component, it has been shown that the hydroxide ions adsorb strongly on air-water
interfaces and oil-water interfaces. As a result, the zeta-potentials of air bubble and silicone
oil droplet in water are very similar and so do the electric double layer interactions[27].
For image force, the magnitude of the image charge is dependent on the relative
permittivity of different mediums and the charge of original particles, as shown in Equation
4.1[28]. In our case, the relative permittivity of air or oil is much smaller than that of water,
leading to a comparable image charge in air and in oil. Thus, the image force components
are also very similar for air-water system and oil-water system, and this explains the
consistency between theories and our experimental results from dynamics interfacial
tension analysis.

qimage  q particle

 water  air / oil
 water  air / oil
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(4.1 )

Table 4-2 Adjusted energy barrier by changing desorption energy to achieve
barrierless adsorption at 10mM.

Mass concentration

Salt concentration

Type of

(g/L)

(mM)

interface

0.5

0.2

0.5

ΔE (kT)(Adjusted)

ΔG (kT) (Adjusted)

air-water

5.16E-01 ± 1.04E-02

1.66E+06

10

air-water

0

1.66E+06

0.8

0.2

air-water

4.13E-01 ± 1.62E-02

1.67E+06

0.8

10

air-water

0
-3.69E-04 ± 1.91E-06

1.67E+06

0.5

0.2

oil-water

3.97E-01 ± 1.36E-02

2.31E+06

0.5

10

oil-water

0

2.31E+06

0.8

0.2

oil-water

4.45E-01 ± 3.95E-02

2.50E+06

0.8

10

oil-water

0

2.50E+06

Assuming the early stage energy barrier is induced by only electrostatic and van der Waals
interactions, the differences in van der Waals induced energy barrier between interfaces
were calculated by directly comparing the energy barrier in Table 4-1 from different
interfaces because the electrostatic interactions have a similar effect on particle adsorption
at air-water and oil-water interfaces. Table 4-3 shows the difference in van der Waals
induced early energy barrier and the positive value indicates that the energy barrier that a
particle has to overcome to reach oil-water interface is lower than the energy barrier for
air-water interface. More importantly, the van der Waals force is attractive for particle
adsorption to oil-water interface, but repulsive when particles approaching air-water
interface as shown in Table 4-4. This observation provides a significant implication to
flotation separation of hydrophilic particles that air bubbles coated by a thin layer of oil
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show a lower energy barrier for particles to attach due to positive van der Waals
interactions.
Table 4-3 Differences in van der Waals induced energy barrier between air-water and
oil-water interfaces.

Mass concentration

Salt concentration

(g/L)

(mM)

0.5

0.2

8.95E-1 ± 1.71E-02

0.5

10

7.77E-1 ± 2.25E-02

0.5

20

7.01E-1 ± 3.67E-02

0.8

0.2

8.92E-1 ± 4.27E-02

0.8

10

9.23E-1 ± 4.68E-02

ΔE𝑎𝑖𝑟 − ΔE𝑜𝑖𝑙 (𝑘𝑇)

Table 4-4 Hamaker constants for Materials 1,2 across Medium 3.

Material 1

Material 2

Medium 3

Hamaker constant
(kT)

4.3.4

EC

EC

Vacuum

1.4E+01[29]

Water

Water

Vacuum

9.0E+00

Silicone oil

Silicone oil

Vacuum

1.1E+01[30]

EC

Air

Water

-2.0E+00
-3.69E-04 ± 1.91E-06

EC

Silicone oil

Water

4.0E-01

Oil-coated bubble flotation deinking
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Most of the current efforts in improving flotation separation efficiency focused on surface
modification of particles in water[31-33]. However, different surface modifiers are
necessary to change the surface property of each particle category, which is difficult to be
applied in an industrial setup. The particle adsorption kinetics study in previous sections
provides an alternative method to improve flotation efficiency by coating air bubbles with
an oil layer.
Flotation deinking was performed to show the efficacy of oil-coated bubble flotation in
hydrophilic inks removal. Figure 4-6 shows the ink suspension with and without flotation
treatment. The accept from air bubble flotation did not show any improvement compared
with the ink suspension without treatment, indicating the incompatibility between air
bubble flotation and hydrophilic inks. However, the accept from oil-coated bubble had a
much lower turbidity than untreated sample and improvement in water quality
demonstrates the success of oil-coated bubble flotation in hydrophilic particles removal.

Figure 4-6 Ink suspension (a) before flotation, and accept/reject after (b) air bubble
flotation (c) oil-coated bubble flotation.
4.4

Conclusions
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The particle adsorption kinetics on fluid-fluid interfaces were studied by dynamic
interfacial tension measurement, and the early stage energy barriers were analyzed by
kinetics models to understand the effect of interface type on energy barrier. The
electrostatic interactions have a similar impact on air-water and oil-water interfaces, and
the difference in energy barrier is in all likelihood caused by van der Waals interactions.
The oil-water interface allows faster adsorption rates and lower energy barriers for all
particle and salt concentrations studied in this chapter, and the difference originates from
the attractive van der Waals interactions. While the van der Waals interactions are repulsive
in the case of particle adsorption on air-water interface. The difference in van der Waals
interactions of these two cases are detected and quantified by dynamic interfacial tension
measurement. The insights from this chapter are essential to improve the separation
efficiency of hydrophilic particles from water, like mineral recovery and paper deinking
process.
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ANALYTICAL METHODS OF MICROSTICKIES
DEPOSITION BY MODEL SURFACES

5.1

Introduction

Most of the previous studies focused on deposition of stickies onto paper machine. And
the detrimental effect of stickies on paper quality has been shown to increase the dirt count
[1] and decrease the mechanical strength of paper (shown in this study). All the previous
methods failed to provide an accurate measurement about the deposition of microstickies
on fiber due to the difference in surface properties between fiber and paper machine. Thus,
it is important to have a model surface with similar properties to cellulose fiber. In addition,
image analysis could only evaluate the speck area and number of microstickies but cannot
characterize the composition, which is also important to prevent deposition. Finally, all the
previous measurement methods were based on commercial pulp or pulp from paper mills.
Thus, the exact amount of microstickies in the system was unknown, and there is no way
to evaluate different measurement methods. Therefore, some fundamental studies based on
a model sticky system with known microstickies amount are necessary.
In this study, silicon wafers were coated with cellulose to mimic the property of cellulose
fiber and were used as a model surface for microstickies deposition. Polyvinyl acetate was
chosen as the model microstickies and the deposition process was conducted in water,
PVAc two-component system and PVAc, fiber, water three-component system.
Microstickies agglomeration and deposition was induced either by shear force or by
aeration, avoiding any chemical change in the system. The surfaces were further analyzed
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by XPS and water contact angle to characterize the chemical structure and functional
groups of microstickies.
5.2
5.2.1

Materials and Methods
Materials

Deionized water from an ion-exchange system with a resistivity of 18 MΩ cm-1 was used
in all described experiments. Micro-crystalline cellulose was obtained from Avicel PH101 (Fluka Chemical Corporation). Polyvinyl acetate (PVAc) with average molecular
weight of 100,000, methanol, 50% N-methylmorpholine-N-Oxide (NMMO) and Dimethyl
Sulfoxide (DMSO) were purchased from Fisher Scientific. Polyvinylamine (PVAm) with
average molecular weight of 340,000 was donated by BASF Corporation as Lupamin 9095
with 95% hydrolysis. Flexible high-density polyethylene (HDPE) was purchased from
Henta Corporation. Silicon wafer was obtained from TEM Tailsil.
5.2.2

Methods

5.2.2.1 Preparation of cellulosic based model surfaces
Figure 5-1 illustrated the procedure for cellulosic model surface preparation. Silicon wafers
with a top silicon oxide layer were used as the base substrate for the cellulose film. The
silicon oxide top layer was obtained by oxidizing the wafer at ambient atmospheric
pressure in Tystar Nitride Furnace at 1050°C for 30 min. It was then cut into smaller pieces
with a diamond knife and washed with acetone, methanol, and isopropanol. The wafers
were cleaned under UV-Ozone for 5 min and stored in a petri-dish.
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Polyvinylamine was used as an anchoring polymer for the cellulose film on the silicon
surface. To do this, the silicon surfaces were immersed in PVAm (0.1%) for 15 min
followed by washing with DI water for 3 min and dried under 50°C for 30 min.

Polyvinyl amine
Cationic

Cellulose
Anionic

Figure 5-1 Preparation procedure of cellulosic model surface.
A cellulose solution was prepared by dissolving microcrystalline Avicel cellulose in
50%wt water/N-methylmorpholine-N Oxide (NMMO) at 105°C. The ratio of NMMO and
water was controlled because cellulose is soluble in NMMO only in the dark area of phase
diagram shown in Figure 5-2. Temperature and time should be carefully controlled to
prevent cellulose degradation. Dimethyl Sulfoxide (DMSO) was added to adjust the
concentration (0.5%) and viscosity of the cellulose suspension.
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Figure 5-2 Ternary diagram of cellulose, water and NMMO.
The cellulose solution was then spin coated (SCS G3P8 Spin Coater) by depositing 600 µl
of the prepared cellulose solution on the PVAm-modified substrates at 2500 rpm for 15 s.
The cellulose-coated substrates were removed from the coater, immersed in water for 4 h
and then dried under room temperature for 8 h[2].
5.2.2.2 Shear force and aeration induced agglomeration and deposition
Polyvinyl acetate was dissolved in methanol[3] with a mass fraction of 1% and 2%. Then,
50g of PVAc solution was injected into 300g water or 300 g pulp (0.5% consistency) to
generate microstickies. Two different surfaces, HDPE and cellulose coated silicon wafer
were chosen as the surfaces for deposition measurement. For shear force induced
agglomeration, the surfaces were submerged in solution and rotated at 500 rpm for 15 mins.
For aeration induced agglomeration, the surfaces were submerged in the same solutions
and aeration diffusers connected to an air pump were put into solution for 15 min to
generate small air bubbles and induce agglomeration of microstickies. The surfaces were
dried under 70°C for 2 hours and the weight of each surface was measured before and after
deposition. The experimental setup was shown in Figure 5-3.
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Figure 5-3 Experimental setup for (left) shear force and (right) aeration induced
agglomeration and deposition.
5.2.2.3 Macrostickies classifier for stickies measurement (Pulmac method)
50g of the PVAc/methanol solution (1%) was injected into 300g of pulp slurry (0.5%
consistency), and the two agglomeration methods described previously were utilized. After
that, solutions before and after agglomeration were filtered using a Pulmac Master Screen
with a slot size of 100μm. The rejects were collected on a filter paper and measured by
INGEDE Method 4[4].
5.2.3

Characterization

5.2.3.1 Tensile strength measurement
Handsheets were prepared with the procedure of TAPPI T205 before and after deposition.
The basis weight of the handsheet is 60 g/m2. One handsheet was cut into three stripes with
width of 1 inch. The tensile strength was measured by QC-1000 Tensile Tester and the
tensile index was calculated by Equation 5.1
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TensileIndex(

N  m TensileStrength.( N ) / Width(m)
)
g
Basisweight ( g / m 2 )

(5.1 )

5.2.3.2 X-Ray photoelectron spectroscopy
XPS analysis was performed with Thermo K-Alpha XPS. The XPS spectra of the cellulose
ﬁlms were obtained using a monochromatic Al Ka X-ray source (1486.6 eV) at a voltage
of 15 kV and a current of 10 mA. The vacuum level of the analyzing chamber was
maintained below 5E-7 Pa during the measurements. The pass energy and step width
during the survey scan were set at 200 and 1 eV, respectively. In the element narrow scan
mode, these scan parameters were set at 50 and 0.1 eV, respectively. The binding energies
for all spectra were determined with respect to the C 1s reference signal (unoxidized C–C
band) at 285.0 eV.
5.2.3.3 Water Contact Angle
The water contact angle was measured by Rame-hart Model 250 goniometer to characterize
the hydrophobicity of the polymer-coated wafer. Prior to beginning the contact angle
measurement, the software was calibrated, and the alignment of the stand was checked.
Then, 8 to 10 drops of water were placed on different areas of the samples, and the contact
angles were averaged. The drops were around 6 µl.
5.2.3.4 INGEDE Method 4
The filter paper prepared with the Pulmac Master Screen was dried and dyed by India ink.
After that, the entire surface of filter paper was sprinkled with Duralum Special White 220
grit powder, placed in an oven and covered with a steel gravity press for 10 minutes. The
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samples prepared by INGEDE Method 4 were scanned using Spec*Scan@2000 setting for
Stickies INGEDE BLACK.
5.3
5.3.1

Results and Discussion
Chemical composition of cellulose coated wafer

Figure 5-4 profiles the XPS survey scan spectra of the silicon dioxide, PVAm coated and
cellulose coated wafers. Si has the binding energy of 154 eV and oxygen has the binding
energy of 532 eV. After coating with PVAm, a clear N1s peak was detected at ca. 400 eV,
suggesting the success of cationic polymer coating. However, after coating with cellulose,
the peaks of Si and N became very small, and the peaks of C and O were dominant in the
spectrum. N and Si was not detected because the newly coated cellulose layer is thick
enough to stop the penetration of X-ray into the PVAm and SiO2 layers.
Table 5-1 summarizes the element composition of the wafer surfaces and the data further
proves the success of every step during the coating procedure. For the wafer coated with
cellulose, C% was even higher than O% because the C/O ratio in cellulose is 1.2.
The water contact angle was also measured after each coating step as shown in Figure 5-5.
Initially, the silicon wafer was covered by hydroxyl groups formed by UVO and the water
droplet was flat. However, after coated with PVAm, the surface became more hydrophobic,
and the contact angle increased to about 60 degrees. This contact angle value is very similar
to the results reported by other researchers[5]. Finally, the surface went back to hydrophilic
again, and the contact angle was very small after coated with cellulose.

107

Table 5-1 Surface element composition of wafer.

SiO2
PVAm
Cellulose

Si(%)

O(%)

C(%)

N(%)

36.49
26.7
8.49

63.51
47.16
44.23

17.76
47.29

8.37
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Figure 5-4 XPS survey spectrum of wafer.

(a)

(c)

(b)

Figure 5-5 Water contact angle of (a) SiO2 (b) PVAm 60o (c) cellulose coated wafer.
5.3.2

Deposition of microstickies on fibers and its influence on paper property

Before the measurement results, there are two issues to be clarified. First, the deposition of
microstickies on fibers must be proven. In addition, the influence of deposition on fiber
property should be studied.

108

It has been reported that stickies would associate with fibers or fines[6-8]. In this chapter,
handsheets were made by microstickies/fiber suspension system and the cross-sections of
handsheets were analyzed by XPS. Compared with handsheets made by pure cellulose, a
new C=O peak appeared in the carbon-spectrum that proves the association between fibers
and PVAc microstickies as in Figure 5-6.

before deposition
after deposition

C-O-C

C-C or C-H

C=O

300

295

290

285

280

Binding Energy (eV)

Figure 5-6 XPS carbon spectrum of handsheets before and after deposition
experiments.
The physical strength of handsheets depends on the inter-fiber and intra-fiber bonding
ability and bonding strength. It has been reported that organic materials, including
lignosulfonate, lignin and defoamer would reduce the paper strength by 6% to 17%[9]. The
deposition of organic materials on fiber destroys the hydrogen-bonding property between
the fibers. Similar phenomenon was observed in Figure 5-7 that the tensile index of
handsheets made after deposition experiments was 20% lower. Thus, it is necessary to
develop a quantitative method to measure the deposition of microstickies on cellulosic
fibers.
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Figure 5-7 Tensile index of handsheets before and after deposition.
5.3.3

Deposition of microstickies on cellulose coated wafer

The microstickies suspension was prepared by injecting 1% or 2% PVAc/methanol
solution into water or pulp suspension. Two different methods, shear force and aeration,
were chosen to induce agglomeration of PVAc microstickies. Figure 5-8 shows the
deposition results of PVAc onto cellulose coated wafers. In the PVAc/water system, the
deposition amount was very large, and the deposition percentage was higher than 80% for
both concentrations. However, in the PVAc/pulp system, the deposition amount was tiny,
and the deposition percentage was less than 10%. The difference in the deposition amount
is caused by the association between microstickies and fibers/fines with two mechanisms.
First, the deposition of microstickies on fibers reduces the local concentration of PVAc and
fewer PVAc particles are available to adsorb on model surfaces. In addition, the collision
frequency between stickies and model surfaces is lower due to the inhibition of cellulose
fines in water. Thus, the deposition amount is greatly reduced in pulp, and the results from
shear force could not reveal the real deposition tendency of PVAc[7-8].
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Shear force
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Figure 5-8 (left) Deposition amount and (right) deposition percentage of PVAc on
wafer by shear force.
It has been reported that carbon dioxide bubbles generated from vacuum could also induce
microstickies agglomeration[10]. However, this method was only applicable in acidic
condition. Here, bubbles generated from aeration were used to induce agglomeration of
PVAc microstickies. One main advantage is that the chemical environment is retained by
avoiding any addition of chemicals.
In Figure 5-9, the deposition amount and percent of PVAc under aeration are shown, and
comparisons between shear force and aeration are presented in Figure 5-10. The deposition
amount of PVAc induced by aeration in pulp solution was far greater than that induced by
shear force. Tiny bubbles generated by aeration with very large surface area selectively
adsorb to hydrophobic PVAc microparticles and float onto the surface of the solution. This
agglomeration process is less influenced by fiber in water because of the difference in
hydrophobicity between fiber and PVAc. With the rising of bubbles, the bubble diameter
increases and bubbles break up eventually. After that, all PVAc particles aggregate with
each other and form larger particles.
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Figure 5-9 (left) Deposition amount and (right) deposition percentage of PVAc on
wafer by aeration.
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Figure 5-10 Comparison between shear force and aeration induced deposition.
Figure 5-11 and Figure 5-12 shows the XPS spectrums of the silicon wafer after the
deposition experiment. The ratio of carbon and oxygen was summarized in Table 5-2. After
deposition of microstickies, the surface element composition had a large increase in the
percentage of carbon because of the deposition of PVAc, which has a high carbon/oxygen
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ratio. In addition, in the carbon spectrum, C=O and C-O-C bonds were also observed,
proving the deposition of PVAc on cellulosic model surfaces.
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Figure 5-11 XPS survey spectrum of wafer after deposition experiments.

C-C or C-H

C=O

300

295

290

285

280

Binding Energy (eV)

Figure 5-12 XPS carbon spectrum of wafer after deposition experiments.
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Table 5-2 Surface element composition of wafers after deposition experiments.

SiO2
PVAm
Cellulose
PVAc
5.3.4

Si(%)

O(%)

C(%)

N(%)

36.49
26.7
8.49

63.51
47.16
44.23
25.36

17.76
47.29
74.64

8.37

Deposition of microstickies on HDPE and comparison with cellulosic model
surface

Doshi et al. used various surfaces for deposition measurement, including LDPE, HDPE,
polyester, etc, and the most consistent results were obtained from HDPE[11]. The same
deposition experiments were repeated with HDPE surfaces, and the trend of results was
very similar to that of cellulose coated wafer. The average deposition amount of 1% PVAc
in pulp was 3.15 mg, which is close to the result reported by Doshi[11]. However, it is
impossible to evaluate the accuracy of this method because the total number of stickies was
unknown in commercial pulp.
Figure 5-13 and Figure 5-14 shows the comparison between the deposition amount and
percent on HDPE and the wafer under shear force and aeration. When the agglomeration
was induced by shear force, the deposition amount on HDPE was very close to that on
wafer. However, if it was induced by aeration, the deposition amount on HDPE surfaces
was much greater.
In shear force induced deposition, the fibers and PVAc particles follows the motion of
water and the forces exerted on particles includes interactions between particles,
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interactions between particles and surface, and hydrodynamic force. Although the
properties of HDPE and model surface are very different, the deposition amount on HDPE
and model surface is very close under shear induced deposition, which proves that
hydrodynamic force dominates the deposition process and the collision is random.
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Figure 5-13 Comparison between cellulosic model surface and HDPE under shear
force in terms of (left) deposition amount and (right) deposition percentage.
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Figure 5-14 Comparison between cellulosic model surface and HDPE under aeration
in terms of (left) deposition amount and (right) deposition percentage.
While for the aeration induced deposition, the bubbles selectively adsorb on the PVAc
particles and the deposition of PVAc is dominated by the chemical interaction between the
deposition surface and PVAc. From Figure 5-13 and Figure 5-14, it can be concluded that
the difference between deposition on the HDPE and model surface was 35%.
5.3.5

Image analysis of microstickies

Figure 5-15 and Table 5-3 shows the image analysis results from INGEDE method 4. After
shear force agitation, the particle size decreased a lot and the cumulative count increased,
indicating the dispersion of particles. In addition, the cumulative area also became smaller
because the sizes of particles were smaller than the detection limit of scanner. However,
after aeration, both the size and cumulative area of stickies increased, resulting from the
agglomeration of microstickies when they attached to gas bubbles. The size distribution
shown in Figure 5-16 further proves the dispersion effect of shear force and agglomeration
effect of aeration. The result from INGEDE method 4 shows the same trend with results
from the deposition experiments.
In order to develop a new measurement method, it is necessary to compare the results with
the current measurement methods. In this chapter, HDPE deposition and INGEDE Method
4 were chosen for comparison. INGEDE Method 4 measures the free stickies in water
suspension. HDPE deposition measures the deposition amount on a hydrophobic surface
and this new method measures the deposition amount on hydrophilic cellulose fiber.
However, results from these three methods are not independent. For example, the
deposition amount is relevant to the stickies size distribution and concentration in the
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suspension. In INGEDE Method 4, the speck area from shear force is much smaller than
that from aeration, which is consistent with the results that the deposition amount on
cellulose model surfaces under shear force agitation was much smaller than that under
aeration.

Figure 5-15 INGEDE Method 4 analysis (left) before agitation (middle) after shear
force and (right) after aeration.
Table 5-3 Cumulative count and area from INGEDME Method 4.

Before
After shear
After aeration

Cumulative

Cumulative area

count

(mm2)

6379
11285
6180

304.23
194.68
2618.06
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Figure 5-16 Spot Size distribution from INGEDE Method 4.
5.4

Conclusions

The deposition of microstickies on fiber reduces the physical strength of paper products
and a model surface was prepared by coating silicon wafer with cellulose to mimic the
property of paper fibers. A stickies model system was also set up by injecting
PVAc/methanol solution into water or pulp. Two different agglomeration methods were
selected to compare the measurement results between new and old measurement methods.
For the shear force induced agglomeration, the deposition amount was not influenced by
the chemical properties of surfaces because fiber fines and PVAc particles follows the
motion of water and the deposition is dominated by hydrodynamic force. In addition,
stickies also adsorb to fibers/fines, leading to a reduction in PVAc concentration. However,
for aeration induced deposition, bubbles selectively attach to hydrophobic PVAc particles,
and the measurement results are influenced by surface wettability. The results from new
model surface are consistent to the results from current measurement methods, including
HDPE deposition and INGEDE Method 4.
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AGGLOMERATION OF MICROSTICKIES BY
ELECTRIC FIELD

6.1

Introduction

Electrocoagulation has been widely used in water treatment processes. The anode metal
material is oxidized to destabilize the particles and agglomerate the colloidal particles for
sedimentation, filtration or flotation. For example, electrocoagulation removed the virus
and other dissolved organic carbon in water[1-2]. Electrocoagulation also has various
applications in paper industry. For example, electroflotation and electrocoagulation
improved the removal efficiency of flexographic ink due to larger particle size and finer
bubbles generated in the process[3-5]. Besides the benefits to deinking, electrocoagulation
also improved the quality of the wastewater from paper mills by decreasing COD, BOD,
turbidity and AOX through the oxidation mechanism with dissolved metals[6-8].
However, the dissolved metal ions from the oxidation of metal ions is a new kind
contaminant in the water system. For example, ferrous ions and aluminum ions cannot
precipitate in acidic condition and will remain in the water system. Furthermore, the
sacrificial anode material should be replaced periodically to provide metals for
electrocoagulation due to the corrosion of metal anode. In this study, electric field treatment
was applied to treat microstickies for the colloidal particles agglomeration. And two
experiment conditions were chosen to suppress the oxidation of anode and decrease the
magnitude of current. First of all, the experiment was conducted in DI water environment
to increase the electrical resistance. Secondly, a non-symmetric geometric set-up was
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chosen that the surface area of anode is much smaller than cathode. In fact, the anode is a
metal rod and the cathode electrode is the surface of the container. Based on the
experimental condition of low current density and high voltage, a new agglomeration
mechanism was proposed based on the migration of particles under electric field. In
addition, effects of different detacky agents and dispersants, including polyvinyl alcohol,
PDADMAC and lignosulfonate, on the stability of microstickies and the performance of
electric treatment were investigated.
6.2
6.2.1

Materials and Method
Materials

Deionized water from an ion-exchange system with a resistivity of greater than 18 MΩ cm
was used in all described experiments. Polyvinyl acetate (PVAc) with molecular weight
about 100,000 and methanol were purchased from Fisher Scientific. The filter paper for
filtration was quantitative filter paper with coarse porosity (09-790F and 09-790-4F).
Poly(diallylmethylammonium chloride) with molecular weight of 200,000 was purchased
from Sigma Aldrich. Flexible high-density polyethylene (HDPE) was purchased from
Henta Corporation.
6.2.2

Methods

6.2.2.1 Influence of different chemicals to the deposition of PVAc on HDPE [9]
Polyvinyl acetate was dissolved in methanol with mass fraction 1% and 2%. 50g PVAc
solution was injected into 300g DI water to generate microstickies. To study the influence
of detacky agent and dispersant on the deposition of PVAc, different amounts of PVA,
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lignosulfonate and PDADMAC were dissolved in water and shear force was generated to
induce the agglomeration and deposition of PVAc on HDPE surfaces. The solution was
mixed at 500 rpm for 15min. The surfaces were dried under 70°C for 2 hours and the
weights of surfaces were measured before and after deposition.
6.2.2.2 Electric field treatment of microstickies suspension
60g of 1% (w/w) PVAc/methanol solution was injected to 1500g DI water and the solution
was treated with electric field under different voltage and chemicals. The change in particle
size cannot be measured by dynamic light scattering since the size is much greater than 5
microns. A semi-quantitative method was applied through filtration. The solution was
filtrated through 75-micron mesh screen, Q8 filter paper and Q2 filter paper respectively
as shown in Figure 6-1. The pore sizes of Q8 and Q2 filter papers are 1-5 microns and 2025 microns. The turbidity and UV absorbance of the filtrates were measured.

Figure 6-1 Schematic flow chart of the filtration process for filtrate analysis.
6.2.2.3 Macrostickies classifier method for microstickies measurement[10]
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50g PVAc/methanol solution (1%) was injected into 300g pulp slurry (0.5% consistency).
The solutions before and after agglomeration were put into Pulmac Master Screen with slot
size of 100μm. The rejects were collected on a filter paper and measured by INGEDE
Method 4. The filter paper prepared by Pulmac Master Screen was dried and dyed by India
ink. After that, the entire surface of filter paper was sprinkled with Duralum Special White
220 grit powder, placed in the oven and covered with a steel gravity press for 10 minutes.
The samples prepared by INGEDE Method were scanned by the Spec*Scan@2000 setting
for Stickies INGEDE BLACK.
6.2.3

Characterization

6.2.3.1 Particle size measurement of PVAc
The particle size of PVAc microparticles was analyzed using a zetasizer (Malvern Zetasizer
Nano ZS90, Malvern Instrument Co. Ltd., UK). The particle size was measured every 20
seconds. In order to study the influence of chemicals in the formation of PVAc particles
and the agglomeration of formed PVAc particles, two different types of experiments were
designed. The PVAc/methanol was injected to chemical additive solutions to investigate
the formation process. In the other case, the chemical solution was injected to the
PVAc/water suspension after formation.
6.2.3.2 Turbidity and UV-vis spectrometry of filtrates
The turbidity of the filtrates was measured by TC-3000 Trimeter. The instrument was first
calibrated through standard turbidity solutions. 30 mL solution was used for each
measurement.
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The calibration curve of UV-vis spectrometry was prepared by injecting different amount
of 1% PVAc solution into water. The calibration curve in Figure 6-2 fits the experimental
data linearly with R-square of 0.99. The absorbance of the suspension was measured at
300nm wavelength. The absorbance of the filtrates was measured to study the
agglomeration process.

Figure 6-2 Calibration curve of microstickies for UV-Vis spectrometry.
6.3
6.3.1

Results and Discussion
Influence of chemicals on the deposition amount and size of PVAc

Most stickies are hydrophobic in nature and slightly negatively charged in water. In the
system with microstickies of PVAc, there are three interactions including electrostatic
interaction, van der Waals interaction and hydrophobic interaction. Hydrophobic
interaction is the attractive interaction between organic nonpolar molecules. It has been
shown that hydrophobic interaction has the same range with van der Waals force, but is
about one order of magnitude stronger than van der Waals force[11]. Since PVAc does not
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have any ionizable functional groups and the surface potential is -3.1mV[12], hydrophobic
interaction dominates the suspension of PVAc. As a result, they have a tendency to
agglomerate in water system in order to minimize the surface energy.
Both polyvinyl alcohol (PVA) and poly(diallylmethylammonium chloride) (PDADMAC)
are detacky agents widely used in paper industry. Lignosulfonate is a dispersant which
stabilizes the particles in water. Although all of them prevent the deposition of PVAc, PVA
is nonionic, PDADMAC is cationic and lignosulfonate is anionic. Thus they all have
different detacky mechanisms. PVA is the hydrolysis product of PVAc, which has the
hydrophobic backbone with hydrophilic hydroxyl group in the side chain. Due to the
amphiphilic nature of PVA, it has been applied as a surfactant for nanoparticle
synthesis[13-15]. Since PVAc is very hydrophobic in nature, PVA adsorbs onto PVAc to
increase the hydrophilicity and stabilize the PVAc particles. In addition, previous research
has shown that lignosulfonate is an effective stabilizer for nanoparticles, polymers and dyes
due to both electrostatic repulsive forces and steric repulsive forces[16-18]. Lignosulfonate
can ionize to negative charge in water. Since most particles in water are also negatively
charged, lignosulfonates elevate the negative charge density in the water phase and increase
the repulsion force between particles. At last, PDADMAC is a cationic polymer that
bridging both the anionic particles itself themselves, the particles with fibers. Thus,
PDADMAC destabilizes particles and decreases the stickies concentration through the
bridging effect with fiber.
Figure 6-3 shows the deposition amount of PVAc on HDPE with and without chemicals.
As expected, all the three chemicals prevented the agglomeration and deposition of
stickies. PVA and lignosulfonate had a much smaller deposition amount on HDPE due to
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their stabilizer role. However, PDADMAC showed a worse performance than the other
two chemicals. As explained previously, PDADMAC acts as a destabilizer and thus
induces agglomeration of stickies. However, the deposition amount was still much smaller
than control. This is because the agglomeration of stickies in water is a competitive reaction
with deposition process and a lower concentration of stickies results in a smaller deposition
amount.

Figure 6-3 Effect of chemical additives on the deposition of microstickies.
The influence of chemical additives to the agglomeration of PVAc was quantified by
Malvern zetesizer. These chemicals either affects the formation of stickies or the stickies
after formation. The PVAc/methanol solution was injected into solution with different
chemical additives to study the stickies formation process, and chemical was injected to
microstickies suspension to study the effect of chemicals to formed microstickies. The
results from these two processes are shown in Figure 6-4. PDADMAC in solution led to
the agglomeration and showed the largest particle size, which is consistent with the
mechanism introduced previously. On the other hand, both PVA and lignosulfonate did not
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affect the size greatly. Compared with the particle size without any additives, the particles
in lignosulfonate solution was slightly smaller, which might come from the dispersant
nature of the chemical.

Figure 6-4 Effect of chemical additives on stickies agglomeration (left) during stickies
formation and (right) after stickies formation.
6.3.2

Electric field treatment of microstickies

In conventional electrocoagulation processes, the treatment was conducted at relative low
voltage (less than 30V) and relative high current density (0.6-6 mA/cm2)[19-20]. On the
other hand, the voltage in this electric treatment is much higher (0.24 kV-2 kV) and the
current density is lower (less than 0.06mA/cm2), as shown in Figure 6-5. The anode is a
carbon-coated stainless rod in the center of the container and the cathode is the whole
container. The high voltage generates an external electric field in water, inducing the
migration of charged microparticles in water and changing the local particles
concentration. Since the particles are slightly negatively charged, they are more likely to
migrate to the positively charged center anode. As a result, a gradient in the particle
concentration is developed from the center of the container to the walls with center having
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the highest concentration. With higher local concentration, the distance between particles
is shorter and they are more likely to collide with each other through Brownian motion.
Furthermore, the external electric field also cancels out the electric repulsion force between
particles and reduces the energy barrier for coagulation.

Figure 6-5 Effect of electric treatment on stickies size distribution based on (left)
turbidity and (right) UV-Vis spectrometry.
The stickies suspension was treated by electric field at 0.24kV, 0.7kV, 1kV, 1.5kV and
2kV for 10 min. The suspension was then screened through 75-micron mesh screen, 25micron filter paper and 5-micron filter paper. The absorbance and turbidity of the filtrate
were measured. The concentrations of the filtrates were calculated via the calibration curve
and the population percentage of particles in each size range was obtained. After treatment,
the turbidity of the filtrate through 25-micron filter paper was almost zero, proving that
most of the particles were larger than 25 microns after treatment. Furthermore, the
screenability of 75-micron mesh screen was also improved greatly. In Figure 6-5, the UVVis spectrometer results also proved that more than 90% of the particles were greater than
25 microns compared with only 20% before treatment, which was consistent with the

128

turbidity data. The turbidity of different treatment voltage showed that the agglomeration
was improved with higher voltage. In addition, the absorbance and turbidity results showed
that the electric field treatment was very effective even at low voltage, 0.24kV.

Figure 6-6 Effect of electric treatment on stickies size distribution based on (left)
turbidity and (right) UV-Vis spectrometry with the presence of chemical additives.
The influence of chemical additives on the electric field treatment is shown in Figure 6-6.
Based on the previous results, lignosulfonate and PVA stabilize the stickies and prevent
the agglomeration of stickies. Thus, for the suspensions before electric field treatment, both
PVA and lignosulfonate showed higher portion of particles in the size range of smaller than
5 microns. The suspension with PDADMAC had much lower portion of small particles
and higher portion of large particles, which was consistent with the cationic nature of the
chemical. After electric field treatment, the particle sizes of all the suspensions increased.
In the suspensions with PVA and lignosulfonate, the portion of particles smaller than 5
microns decreased after treatment. However, the number of particles with size greater than
75 microns did not increase significantly. Thus, the agglomeration is inhibited by PVA and
lignosulfonate compared with the results without additives. While in the suspension with
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PDADMAC, the portion of particles greater than 75 microns increased and the screenabilty
of mesh screen was also improved.
Because the interference of lignosulfonate to the absorbance, UV-Vis measurement of
samples with lignosulfonate was not analyzed here. The results from UV-Vis measurement
were similar to those from turbidity measurement. Electric field agglomeration process is
not compatible with dispersants because they stabilize the particles. But the treatment of
samples with PDADMAC shows shift to larger size distribution.
6.3.3

Image analysis of microstickies agglomeration and comparison with cooking
method

Figure 6-7 Image analysis results of electric treatment, cooking and bubble methods.
The agglomeration of microstickies in fiber suspensions was quantified by INGEDE
Method 4 image analysis method. The difference in area before and after agglomeration
was calculated to show the treatment performance. As shown in Figure 6-7, detected area
by INGEDE Method 4 was significantly increased after electric field treatment. In addition,
similar to turbidity and absorbance results, the agglomeration was also enhanced with the
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increase of treatment voltage. The same stickies suspension was also treated through
temperature elevation for 15min[21] and bubble treatment[9], and the results shows that
electric field treatment has a better performance in agglomerating stickies.
6.4

Conclusions

In this chapter, a new agglomeration technology based on electric field treatment was
investigated with different detacky agents. Anionic dispersant lignosulfonate and non-ionic
detacky agent PVA could stabilize stickies while cationic polymer PDADMAC induced
stickies agglomeration. The size distribution and turbidity of the stickies suspension after
electric treatment were analyzed. The treatment showed significant increase in particle
sizes and improvement in screenability. INGEDE Method 4 image analysis also proved the
agglomeration of stickies in the presence of fibers.
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CONCLUSIONS AND FUTURE WORK

7.1

Conclusions

Paper recycling industry is facing new challenges from contaminants that are not
compatible with fiber cleaning processes. And the paper products from unclean fiber
sources suffer from problems in optical properties and physical strength. The residual
contaminants in water stream also cause poor process runnability like web break in paper
machine. The most notorious contaminants are hydrophilic inks and microstickies.
Hydrophilic inks originate from the new generation aqueous inks to avoid toxic organic
solvents and are widely applied in inkjet printers for offices and homes. The long shelf life
and high printing quality are other advantages over traditional hydrophobic inks. However,
the ink formula and composition that contribute to the exceptional printing quality are also
the root cause for deinking problems. Specifically, the submicron ink particles redeposit
into the fiber lumen irreversibly which make the problem more complex. Microstickies
from glues, tapes in packaging industry both deposit to paper machines and fiber surfaces.
And they are dispersed in water and destabilized under external stimulus like pH,
temperature, shear force, etc. Thus it is difficult to quantify them, and remove them from
pulp slurry.
First of all, we developed a method to distinguish “bound ink” and “redeposited ink”, and
quantify the contribution of bound ink and redeposited ink to the residual ink on fiber
surfaces after pulping. The method shows that about 16% of original ink is bounded on
fiber surface, 33% redeposits to fiber surface, and 50% stays in water phase as free ink
after pulping, which guides us to prioritize redeposited ink over bound ink. With this newly
134

developed method, we also studied the effect of pulping conditions on the relative ratio of
bound ink and redeposited ink, and found residual ink on fiber shifts from bound ink to
redeposited ink with higher pulping consistency. This find allows us to remove bound ink
and redeposited ink simultaneously. As long as a method to control redeposited ink can be
established, the bound ink is not a concern because it can be removed by increasing pulping
consistency. Adsorption deinking is a potential solution for redeposited ink control and
chitosan can adsorb ink particles both from aqueous phase and pulp slurry. The paper ISO%
Brightness was 5 point higher and ERIC was 70ppm lower with chitosan adsorption
deinking.
Secondly, we investigated the effect of electric treatment on ink removal from pulp slurry
as a complimentary to traditional flotation or washing deinking. The electric treatment
alone showed high selectivity of ink over fiber through electroflotation mechanism and the
ERIC was reduced by 20%. Graphite is a better material as anode material than stainless
steel because electrocoagulation by stainless steel leads to ink redeposition during electric
pretreatment, and higher yield loss during flotation. However, the flotation itself shows a
similar deinking efficiency with electric pretreatment followed by flotation. Thus the
benefits from electric pretreatment disappears during flotation, and it is important to be
cautious about this problem when applying electric pretreatment.
Thirdly, another alternative modification to flotation, oil-coated bubble flotation, was
studied fundamentally and its application in hydrophilic ink deinking was proved
qualitatively. There are three fundamental benefits from oil-coated bubble, including fluid
dynamics like bubble shape and velocity, thermodynamics that particles show favourable
wettability at interfaces, and kinetics that the energy barrier for particle adsorption is
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smaller. We focused on the kinetics in this study because the life of a bubble in flotation is
short and the adsorption process is kinetically controlled. The particle adsorption kinetics
was probed by dynamic interfacial tension measurement and oil-water interface always
shows a faster adsorption kinetics, and lower energy barrier for all conditions studied in
this thesis. The different in energy barrier between air-water interface and oil-water
interface is driven by van der Waals interactions because they are repulsive forces for
particle adsorption on air-water interface, and attractive forces for oil-water interface. This
fundamentally study illustrates an alternative method to improve flotation efficiency by
modifying air bubbles instead of modifying the properties of ink particles. The application
of this concept in deinking was demonstrated by a house-made flotation cell and a better
deinking performance was observed for oil-coated bubble flotation.
Besides challenges in hydrophilic inks, we also investigated the measurement and removal
of microstickies. Specifically, we focused on the deposition of stickies on cellulose fiber
and measured it by a model cellulose surface. An agglomeration method based on electric
treatment was developed and it improved the screenability of microstickies by 50%.
7.2
7.2.1

Future work
Fundamental study of energy barrier for particle adsorption at fluid-fluid
interfaces

The most important aspect in particle adsorption kinetics study is the methodology
establishment. As shown in Appendix C, there are two gaps in developing the methodology
to analyze dynamic interfacial tension. The first one is the difficulty in determining the

136

early stage where the ½ power law between γ and t is followed. The second one is the
significantly different results from different kinetics models.
For the first problem, log-log plot shows some potentials but the analysis is very sensitive
to the value of 𝛾0 . A criterion for early stage determination was developed for surfactant
systems[1]. But the conclusion cannot be applied to particle system because one parameter
in the criterion is related to the Langmuir isotherm, and the assumption of reversible
adsorption in Langmuir isotherm is contradictory with the irreversible adsorption of
particles.
For the second problem, it is clearly shown in Appendix C that the early stage energy
barrier, i.e. the energy barrier between particles and pristine interfaces, as extracted from
experimental tension data, is dependent on the model used. Sometimes even negative
energy barriers were obtained. Thus, it is necessary to understand the similarities and
differences between different modelling methods and choose the one that fits specific
experimental conditions. Additionally, the negative energy barrier problem can possibly
be fixed with more accurate measurement of particle size and particle contact angle at
interfaces, especially in-situ measurement methods that focus on microscopic individual
particles instead of a macroscopic bulk average.
If the previously described gaps are bridged, or even if not, it is worthwhile to revisit the
particle adsorption kinetics with a different particle-oil system, or the same particle-oil
system with different pH, that show a higher energy barrier. The current energy barrier in
Chapter 4 is not significantly greater than zero (the apparent energy barriers are negative),
and it is difficult to directly determine different components in energy barrier like
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electrostatic double layer induced energy barrier, image force induced energy barrier and
van der Waals force induced energy barrier. However, special attention has to be invested
in adjusting the energy barrier into a reasonable value where the reduction in interfacial
tension by particle adsorption can be measured accurately, given the standard error of
pendant droplet method. For example, if the adsorption kinetics is too slow, the change in
interfacial tension will be very small and it is difficult to distinguish the signal from
background noise.
7.2.2

Oil coated bubble flotation deinking

One of the most important challenges in oil-coated bubble flotation is the failure in froth
formation by oil itself. As a result, oil with ink particles adsorbed on the oil-water interface
cannot stay on the surface of ink suspension and oil droplets with ink will recirculate back
into the ink suspension. Appendix D showed some efforts to solve this problem by adding
CTAB into the system, and the surfactant prevents the particles from adsorbing on oilwater interface if the CTAB concentration is greater than 0.1mM. Thus, it is important to
find a surfactant that can stabilize air-water interface while keeping oil-water interface
active. The particle adsorption on interfaces with the presence of surfactants is a complex
problem that contradictory effects were observed by previous publications[2-5]. In some
cases, there is a synergistic effect between particles and surfactants, but in other cases they
compete with each other. Therefore, a fundamental study in particle adsorption at interfaces
with the presence of surfactants is necessary to generate froth without preventing particles
from adsorption.
7.2.3

Adsorption deinking
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It was shown in Figure 2-7 that the time required to reach equilibrium for chitosan was over
double the time frame of deinking. For chitosan, the adsorption is driven by electrostatic
interaction between amine group and negatively charged ink particles. Thus, it is important to
develop a relationship between functional groups and adsorption kinetics, and synthesize new
materials with those specific functional groups to improve the adsorption kinetics as well as
adsorption kinetics. Another area to improve is the regeneration of adsorbents. For polymer
beads, they can be regenerated after hydrophobic ink deinking by surfactants[6]. But it is still
unknown for hydrophilic ink deinking. Surfactant solutions with cationic surfactants or aminebased surfactants like CTAB, EDTA are more likely to succeed.
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APPENDIX A. LATE STAGE ENERGY BARRIER ANALYSIS

Appendix A shows the fitted curve of late stage dynamic interfacial tension and the
calculated energy barrier based on Equation 1.9 and Equation 1.12. At late stage, the energy
barrier is dominated by the blocking effect of adsorbed particles.
A.1 Fitted curve of late stage dynamic interfacial tension
The fitted curves of late stage dynamic surface tension at air-water interface is shown in
Figure A-1 and dynamic interfacial tension at oil-water interface is shown in Figure A-2.

(a)

(b)

(c)

(d)
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Figure A-1 Plots of late stage dynamic surface tension data (a) 0.05% EC 0.2mM NaCl
(b) 0.05% EC 10mM NaCl (c) 0.08% EC 0.2mM NaCl (d) 0.08% EC 10mM NaCl.
Solid blue lines are linear regression with parameters indicated in each panel.

(a)

(b)

(c)

(d)

Figure A-2 Plots of late stage dynamic interfacial tension data (a) 0.05% EC 0.2mM
NaCl (b) 0.05% EC 10mM NaCl (c) 0.08% EC 0.2mM NaCl (d) 0.08% EC 10mM
NaCl. Solid blue lines are linear regression with parameters indicated in each panel.
A.2 Late stage energy barrier analysis
The energy barrier was calculated by comparing the effective diffusion coefficient from
Equation 1.9 and Stokes-Einstein diffusion coefficient, as shown in Equation 1.12. Θmax
was assumed to be 0.91 to in order to calculate molar surface concentration Γ∞ in Equation
1.12. The late stage energy barrier is 17kT for all the different conditions, indicating that
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the adsorption kinetics is not dependent on the properties of pristine interface because the
interface is covered by particles.
Table A-1 Fitted slope and computed late stage energy barrier from Equation 1.9 and
Equation 1.12. The actual diffusion coefficient of EC particle is 1.7×10-12 m2 s-1.

Mass concentration

Salt concentration

Type of

dγ

( N m−1 s 0.5 )

ΔE (kT)

1.39E-01

1.80E+01

1.48E-01

1.81E+01

d√1/t

(g/L)

(mM)

interface

0.5

0.2

0.5

10

0.8

0.2

1.00E-01

1.83E+01

0.8

10

8.36E-02

1.79E+01

0.5

0.2

1.46E-01

1.81E+01

0.5

10

1.06E-01

1.74E+01

0.8

0.2

8.66E-02

1.80E+01

0.8

10

6.29E-02

1.74E+01

air-water

oil-water
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APPENDIX B. EARLY STAGE SLOPE ANALYSIS

This appendix illustrates the statistical analysis of slopes from early stage adsorption under
different conditions. Specifically, t-test analysis was performed to understand if there are
significant differences between results from different experimental conditions with a
significance level of 0.05. If the p-value is less than 0.05, the null hypothesis is rejected
and there are statistically significant differences between two conditions. On the contrary,
if the p-value is greater than 0.05, the null hypothesis is accepted.
B.1 Air-water interface
Table B-1 EC 0.05% 0.2mM vs. 10mM t-test.

0.2mM

10mM

Mean

-3.69E-01

-4.77E-01

Variance

1.91E-03

1.40E-03

Observations

1.00E+01

5.30E+01

Hypothesized Mean Difference

0.00E+00

P(T<=t) two-tail

8.97E-06
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Table B-2 EC 0.05% 10mM vs. 20mM t-test.

10mM

20mM

Mean

-4.77E-01

-4.81E-01

Variance

1.40E-03

8.54E-03

Observations

5.30E+01

1.90E+01

Hypothesized Mean Difference

0.00E+00

P(T<=t) two-tail

8.63E-01

Table B-3 EC 0.08% 0.2mM vs. 10mM t-test.

0.2mM

10mM

Mean

-6.25E-01

-7.68E-01

Variance

5.07E-03

7.19E-03

Observations

1.20E+01

1.70E+01

Hypothesized Mean Difference

0.00E+00

P(T<=t) two-tail

4.08E-05
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Table B-4 EC 0.2mM 0.05% vs. 0.08% t-test.

0.05%

0.08%

Mean

-3.69E-01

-6.25E-01

Variance

1.91E-03

5.07E-03

Observations

1.00E+01

1.20E+01

Hypothesized Mean Difference

0.00E+00

P(T<=t) two-tail

3.16E-09

Table B-5 EC 10mM 0.05% vs. 0.08% t-test.

0.05%

0.08%

Mean

-4.77E-01

-7.68E-01

Variance

1.40E-03

7.19E-03

Observations

5.30E+01

1.70E+01

Hypothesized Mean Difference

0.00E+00

P(T<=t) two-tail

5.74E-11
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B.2 Silicone oil-water interface
Table B-6 EC 0.05% 0.2mM vs. 10mM t-test.

0.2mM

10mM

Mean

-5.46E-01

-6.66E-01

Variance

3.71E-03

7.23E-03

Observations

9.00E+00

2.10E+01

Hypothesized Mean Difference

0.00E+00

P(T<=t) two-tail

2.75E-04

Table B-7 EC 0.05% 10mM vs. 20mM t-test.

10mM

20mM

Mean

-6.66E-01

-6.46E-01

Variance

7.23E-03

3.01E-03

Observations

2.10E+01

1.90E+01

Hypothesized Mean Difference

0.00E+00

P(T<=t) two-tail

3.86E-01
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Table B-8 EC 0.08% 0.2mM vs. 10mM t-test.

0.2mM

10mM

Mean

-9.23E-01

-1.15E+00

Variance

1.82E-02

2.47E-02

Observations

9.00E+00

1.10E+01

Hypothesized Mean Difference

0.00E+00

P(T<=t) two-tail

2.48E-03

Table B-9 EC 0.2mM 0.05% vs. 0.08% t-test.

0.05%

0.08%

Mean

-5.46E-01

-9.23E-01

Variance

3.71E-03

1.82E-02

Observations

9.00E+00

9.00E+00

Hypothesized Mean Difference

0.00E+00

P(T<=t) two-tail

1.02E-05
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Table B-10 EC 10mM 0.05% vs. 0.08% t-test.

B.3

0.05%

0.08%

Mean

-6.66E-01

-1.15E+00

Variance

7.23E-03

2.47E-02

Observations

2.10E+01

1.10E+01

Hypothesized Mean Difference

0.00E+00

P(T<=t) two-tail

3.03E-07

Air-water vs. Silicone oil-water interface

Table B-11 EC 0.05% 0.2mM air vs. silicone oil t test.

Air

Silicone oil

Mean

-3.69E-01

-5.46E-01

Variance

1.91E-03

3.71E-03

Observations

1.00E+01

9.00E+00

Hypothesized Mean Difference

0.00E+00

P(T<=t) two-tail

4.55E-06
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Table B-12 EC 0.05% 10mM air vs. silicone oil t test.

Air

Silicone oil

Mean

-4.77E-01

-6.66E-01

Variance

1.40E-03

7.23E-03

Observations

5.30E+01

2.10E+01

Hypothesized Mean Difference

0.00E+00

P(T<=t) two-tail

1.12E-09

Table B-13 EC 0.05% 20mM air vs. silicone oil t test.

Air

Silicone oil

Mean

-4.81E-01

-6.46E-01

Variance

8.54E-03

3.01E-03

Observations

1.90E+01

1.90E+01

Hypothesized Mean Difference

0.00E+00

P(T<=t) two-tail

2.41E-07
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Table B-14 EC 0.08% 0.2mM air vs. silicone oil t test.

Air

Silicone oil

Mean

-6.25E-01

-9.23E-01

Variance

5.07E-03

1.82E-02

Observations

1.20E+01

9.00E+00

Hypothesized Mean Difference

0.00E+00

P(T<=t) two-tail

8.58E-05

Table B-15 EC 0.08% 10mM air vs. silicone oil t test.

Air

Silicone oil

Mean

-7.68E-01

-1.15E+00

Variance

7.19E-03

2.47E-02

Observations

1.70E+01

1.10E+01

Hypothesized Mean Difference

0.00E+00

P(T<=t) two-tail

3.14E-06
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APPENDIX C. REVIEW AND COMPARSION OF DIFFERENT
KINETICS MODELS FOR PARTICLE ADSORPTION

Although different authors applied the same method to estimate late stage energy barrier
from dynamic interfacial tension (Equation 1.9 and 1.12), there are three kinetics models
in determining early stage energy barrier. Method a (Equation 1.25 and 1.26 ) was recently
developed by Bizmark based on generalized random sequencing adsorption theory on
solid-fluid interfaces. The model relies on slopes from late stage dynamic interfacial
tension to estimate early-stage energy barrier. The limitation of this method is the failure
of taking DLVO interactions between adsorbed and unadsorbed particles. Method b
(Equation 1.12 and 1.13) relies on the early adsorption kinetics to estimate energy barrier
by comparing effective diffusion coefficient with Stokes Einstein diffusion coefficient. It
is very similar to Method c (Equation 1.5 and 1.12) which was originally developed to
study surfactant adsorption kinetics and works well for particle systems when the
desorption energy is in the same order of magnitude of kT.
In addition, another challenge in utilizing Method b and c is that a clear criterion to
determine the “early stage” is missing. Thus, it is difficult to figure out the time regime
when the dynamic interfacial tension follows model predictions.
In this section, a review and comparison is summarized to show the dramatic difference in
particle adsorption kinetics when the same data set was fitted to different models. Secondly,
Method a is applied to analyze the data reported in Chapter 4 and Appendix A and the
results are compared with Method b which is chosen to study the particle adsorption
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kinetics in Chapter 4. Finally, the advantages and limitations of log-log plot in determining
the “early stage” time regime is discussed.
C.1 Summary and comparison of different kinetics models
Table C-1 summarizes the most recent study in adsorption kinetics through dynamic
interfacial tension measurement. The column “early Δ𝐸” shows the energy barrier from the
paper and the superscript represents the data analysis method chosen by the authors. And
the energy barrier was reanalzyed by Method b based on the information provided in the
publications. The papers by Kutuzov and Ferdous were not reanalzyed because Method b
and Method c are identical if desorption energy is similar to kT. The early energy barriers
from Method b are consistently smaller than the ones from Method a, and negative energy
barriers are observed based on data from Bizmark and Fang. Another important finding is
the lack of criterion to determine early stage. The fitted time regime ranges from 4s to over
100s without explanations about why this time regime was chosen.
Table C-1 Summary of previous publications in particle adsorption kinetics at fluidfluid interfaces.

Particle

Desorption

Type of interface

Early stage

Energy

fitting time

(𝑘𝐵 𝑇)

regime (s)

Early Δ𝐸

Early Δ𝐸

(𝑘𝐵 𝑇)

(method b)

Ref

(𝑘𝐵 𝑇)

EC

104

Air-water

10-100s

5.9a

-5b

Bizmark[1]

PEG-Iron oxide

103

Water-decane

4s

5.6-10.6a

1b

Nelson[2]
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Table C-1 Summary of previous publications in particle adsorption kinetics at fluidfluid interfaces(continued).

Silica

45

Water-decane

100-250s

8b

Dugyala[3]

Poly(lactic-co-

104

Air-water

120-180s

5b

Gyulai[4]

glycolic acid)
Water-octane
TOPO-CdSe

3.3-13

Water-toluene

N/A

1.5c

Kutuzov[5]

alkanethiol-capped

kT

Water-hexane

N/A

0.3-7.7c

Ferdous[6]

Graphene oxide

N/A

Water-toluene

16s

N/A

Poly(NiPAAm)

Irreversible

Water-heptane

100s-3600s

N/A

gold
-2b

Fang[7]
Li[8]

based microgel
a

The energy barriers were calculated from Equation 1.25 and 1.26.

b

The energy barriers were calculated from Equation 1.12 and 1.13.

c

The energy barriers were calculated from Equation 1.5 and 1.12.

An example of data analysis is shown in Table C-2 and the original data comes from the
paper by Bizmark. This paper also investigated the adsorption of EC on air-water
interfaces, which is the same particle system studied in this thesis and this is the reason
why this paper was chosen. Again, negative energy barriers were obtained when the EC
concentration is greater than 0.4g/L, the same as the data reported in Chapter 4 of this
thesis.
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Table C-2 Early stage energy barrier by applying Method b to analyze data from
Bizmark. The diameter is 89.1nm and diffusion coefficient is 4.84×10-12 m2s-1.

Mass
concentration (g/L)

Type of
interface

dγ
d√t

( N m−1 s−0.5 )

ΔE (kT)

-6.50E-05

9.40E-01b

-2.03E-04

5.11E-02b

0.4

-4.19E-04

-3.88E-02b

0.6

-8.02E-04

-5.00E-01b

0.8

-1.04E-03

-4.53E-01b

1.8

-1.38E-03

-5.67E-01b

0.1
0.2

air-water

ΔG (kT)

ΔE (kT)

4.30E+04

3.1a

C.2 Analysis of data in Chapter 4 by Method a
In order to compare Method a and Method c completely, the data set from Chapter 4 and
Appendix A was also reanalzyed following Method a and the results are shown in Table
C-3. Now similar to results reported by Bizmark, all the energy barriers are positive if
analyzed by Method a. Thus, it can be concluded that the mathematical formulas of Method
a always ensure a positive energy barrier can be obtained.
Additionally, the energy barriers for particle adsorption at oil-water interfaces are always
smaller, or equal to the barrier at air-water interfaces, which is consistent with the
conclusions from Chapter 4.
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Table C-3 Early stage energy barrier by applying Method a to analyze data from
Chapter 4 and Appendix A.

Mass

Salt

Type of

K1

dγ

ka

ΔE (kT)

ΔG (kT)

d√1/t

concentration

concentration

(g/L)

(mM)

0.5

0.2

0.5

10

0.8

interface

( m s-1 )
(N m

−1

s

0.5

)

1.39E-01

1.28E-02

4.02E-06

1.3a

1.48E-01

1.36E-02

3.56E-06

1.5a

0.2

1.00E-01

1.47E-02

4.85E-06

0.5a

0.8

10

8.36E-02

1.23E-02

6.96E-06

0.5a

0.5

0.2

1.46E-01

1.42E-02

3.25E-06

1a

0.5

10

1.06E-01

1.02E-02

6.24E-06

0.5a

0.8

0.2

8.66E-02

1.34E-02

5.81E-06

0.5a

0.8

10

6.29E-02

9.75E-03

1.10E-05

0.5a

air-water

oil-water

4.65E+05

4.40E+05

C.3 Log-log plot for early stage fitting regime identification
The following equation can be obtained by restructuring Equation 1.13

log10 ( 0   (t ))  log10 (2 N A E ceq

D

1
)  log10 (t )

2

( C.1 )

And the early stage can be defined as the time regime when the slope of
log10 (𝛾0 − 𝛾(𝑡)) 𝑣𝑠. log10 (𝑡) equals to ½. As shown in Figure C-1, the initial slope
increased from 0.289 to 0.469 when the fitted time regime changed from 8s to 15s. Thus,
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15s can be approximately taken as the time regime for early-stage fitting because the ½
power law predicted by theoretical models is followed. This method provides an option to
define the length of fitted region for early stage kinetics study. However, as shown in
Figure C-1(d), this method is very sensitive to 𝛾0 . The value of 𝛾0 in (a) (b) and (c) is 72.8
mN/m, and the value in (d) is 71.5 mN/m. And the minor difference leads to a dramatic
difference in the slope, the intercept, and the duration of early stage to ensure ½ slope.
Thus, the log-log plot is not a reliable method to determine the time regime for early stage
fitting unless the limitation is solved.

(a)

(b)

(c)

(d)

Figure C-1 Log-log plot with (a) 8s (b) 10s (c) 15s (d) 10s as fitting time regime. The
𝜸𝟎 of (a)(b)(c) is 72.8 mN/m, and the 𝜸𝟎 of (d) is the average of first five measurements.
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APPENDIX D. CHALLENGES IN OIL-COATED BUBBLE
FLOTATION WITH PRELIMINARY STUDIES

There are still some challenges associated with the flotation deinking and the most
important one is the failure in froth formation by oil itself. As a result, oil with ink particles
adsorbed on the oil-water interface cannot stay on the surface of ink suspension and oil
droplets with ink will recirculate back into the ink suspension. This appendix shows some
efforts in solving the problem.
D.1 Dynamic interfacial tension
Figure D-1 shows dynamic interfacial tension of ink suspension-air and ink suspensionsilicone oil interfaces. The surface tension didn’t show any significant decrease, indicating
that ink particles cannot adsorb to air-water interface. However, oil-water interface tension
dropped significantly in the first 100s. This further proves that ink particles can only adsorb
to oil-water interface.
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Figure D-1 The effect of ink particles adsorption on (left) air-water surface tension
and (right) oil-water interface tension.
D.2 Effect of CTAB on particle size, particle zeta-potential
In order to generate froth during flotation, surfactant CTAB was added to ink suspensions
and its impact on ink stability and ink adsorption on oil-water interfaces is shown in Table
D-1. CTAB, a cationic surfactant was chosen, because surfactants have a larger diffusion
coefficient than particles and adsorb to interface faster. CTAB at interface can reduce the
adsorption energy barrier by attracting negatively charged ink particles onto interface. In
most of conditions in Table D-1, the stability of ink particles is a good indicator for its
adsorption on oil-water interface. If the ink particles are destabilized by CTAB or NaCl,
they will agglomerate because the interparticle electrostatic repulsion forces are screened.
In the meantime, particle-interface electrostatic repulsion forces are also screened which
leads to the ink particle adsorption to interface. The only exceptions are when CTAB
concentration is greater than 0.1mM. In these conditions, in particles cannot adsorb to oilwater interface even if particles are destabilized. One possibility is the competition between
CTAB and ink particles that there is no space left on interface for particle adsorption. Thus
it is important to find a surfactant that can stabilize froth (air-water interface) while
allowing particle adsorption on oil-water interface. Another alternative solution is to
dissolve surfactants or other chemicals that have specific interactions with ink particles,
and can stabilize froth, into oil phase.
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Table D-1 The effect of CTAB and NaCl concentration on ink size, zeta-potential and
adsorption on oil-water interface.

CTAB

Salt concentration

Size

Zeta-potential

Precipitation

Adsorb on oil-

concentration (mM)

(mM)

(nm)

(mV)

observed?

water interface?

0

0

150

-65

N

N

0

100

450

-25

Y

Not clear

0

200

N/A

N/A

Y

Y

0.005

0

140

-24

N

N

0.005

100

1126

-12.3
4.65E+0.5

Y

Y

0.01

0

1000

-7

Y

Y

0.05

0

170

30

N

N

0.05

100

1400

16.9

Y

Not clear

0.05

1000

N/A

N/A
4.40E+0.5

Y

Y

0.1

0

140

20.5

N

N

0.1

100

1226

13.2

Y

N

0.2

400

N/A

N/A

Y

N
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